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SUMMARY
As the demand for smaller devices that can offer higher speed wireless commu-
nication any time and anywhere is growing relentlessly, the need for higher frequency
bands with wide unregulated bandwidth that can support multi-Gigabits/s data rates
have become essential. The opening up of carrier frequencies in the THz-range, such
as D-band (i.e., 110 GHz–170 GHz) and around 300 GHz, is the most promising
approach to provide sufficient bandwidth required for ultra-fast and ultra-broadband
data transmission. This large bandwidth paired with higher speed wireless links
can open the door to a large number of novel applications such as ultra-high-speed
pico-cell cellular links, Terabits/s (Tbps) WLAN and WPAN, secure wireless commu-
nication for military and defense applications, and on-body communication for health
monitoring systems.
The substance of this research is measurement, characterization, and modelling
of short-range indoor THz channels that can provide ultra-high-speed communica-
tion links. Specifically, in this work, frequencies in D-band as well as the 300 GHz
band (300 GHz–320 GHz) that have 20 to 60 GHz of essentially undeveloped and
available bandwidths are considered. In this research, first of all, a Linearly-Tapered
Slot Antenna (LTSA) that operates in the frequency range 280 GHz–320 GHz is de-
signed, simulated, and fabricated to test the efficiency of a classical ultra-broadband
antenna when operated at THz band. Secondly, the Line-of-Sight (LoS) and the
Non-Line-of-Sight (NLoS) channel measurements are obtained in 300 GHz band and
D-band through extensive indoor measurement campaigns, and the large- and the
small-scale characterization is performed on each channel. Further, the NLoS trans-
missions through different propagation mechanisms, such as reflection and diffraction,
xvii
caused by obstruction of varying shapes and materials are characterized and mod-
elled. Third, a two-dimensional (2-D) geometry-based statistical channel model for
short-range THz channels is proposed and validated using the data collected from
the measurement campaigns in the two THz bands. Finally, another sub-THz band
around 33.25 GHz (26.5 GHz–40 GHz), or 30 GHz band, is also measured in the same
environment as the two THz bands, and the comparative analysis of the three bands
is done.
This work provides system designers and researchers with essential input needed





Over the last few years, the change in the way today’s society creates, shares, and
consumes information accompanied by the progress in wireless technologies have trig-
gered a tremendous amount of wireless data traffic. The ever-growing need for smaller
devices that can offer higher speed wireless communication anywhere and any time
can only increase the required wireless data rate, which is expected to approach
Terabit-per-second (Tbps) range within the next five to ten years. Advanced phys-
ical layer solutions and, more importantly, new spectral bands will be required to
support these extremely high data rates.
With the current wireless systems, spectrum scarcity and capacity limitations are
a serious problem. Specifically, wireless technologies below 0.1 THz are not capable of
supporting Tbps links. Use of advanced digital modulation schemes, such as Orthog-
onal Frequency Domain Multiplexing (OFDM), as well as Multiple-Input-Multiple-
Output (MIMO) radio technology has enhanced the spectral efficiency at frequencies
below 5 GHz, but the scarcity of the available bandwidth imposes an upper bound on
the achievable data rate. For example, in Long-Term Evolution Advanced (LTE-A)
cellular networks, using a four-by-four MIMO scheme over a 100 MHz aggregated
bandwidth achieves the peak data rates in the order of 1 Gbps [1]. However, these
service rates are still three orders of magnitude below the targeted 1 Tbps. With mod-
ulation efficiency reaching its practical limits, a key enabler for higher speed data is
the availability of wideband channels, such as those at 60 GHz with an unregulated
bandwidth of 7 GHz [2]–[9]. There is an ongoing effort to migrate indoor WLAN
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and WPAN toward these less congested higher frequency unlicensed spectrum bands,
where data rates in the order of 10 Gbps within one meter are expected [10]. How-
ever, this is still two orders of magnitude below the Tbps demand, and the usable
bandwidth at 60 GHz still limits the possibility of realizing Tbps links.
The higher spectral bands with wide enough unregulated bandwidths available for
the realization of Tbps links are found in THz and optical communication bands, i.e.,
infrared (IR) frequencies and above, which are considered the next frontiers on the
wireless technologies roadmap. Although Free Space Optical (FSO) communications
offer large available bandwidth, there are several reasons that prevent us from using
optical communication systems for personal wireless communications. First of all, the
achievable data rate and the transmission range of FSO communication systems are
limited by low transmitted power due to eye safety constraints, very high path loss as
well as the impact of atmospheric affects (e.g. fog, rain, dust or pollution) on propa-
gation, and high sensitivity to misalignment between transmitter and receiver due to
extremely narrow beamwidths [11]. A infrared (IR) FSO communication system that
supports 10 Gbps Line-of-Sight (LoS) wireless links has been reported in [12], and
an indoor FSO communication system capable of supporting 1-Gbps link at visible
light frequencies was also reported in [13]. However, as demonstrated in [14], the
data rate was reduced dramatically for diffused Non-Line-of-Sight (NLoS) scenarios.
More importantly, the difficulty of integrating FSO communication systems into a
compact package is the major reason for their impracticality. In [15], a long-distance
FSO system that supports a 1.28 Tbps link was demonstrated, but the dimensions of
the optical front-end used were 12 cm× 12 cm× 20 cm and it weighed almost 1 kg,
not including the signal generation/detection and modulation/demodulation blocks.
All these constraints limit the feasibility of optical approach to personal and mobile
wireless communications.
THz band refers to the spectral band that spans the frequencies between 0.3 THz
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and 10 THz. Terahertz wireless communication has two key advantages that can
be combined to achieve the required data rates. First, the usable frequency band
around each frequency is much larger, so each channel can have a much higher data
rate. This alone can increase data rates to several tens of Gbits/s, but multiplexing
(MIMO) is still needed to reach Tbps data rates. Fortunately, THz frequencies al-
low smaller antennas and antenna spacing, which provides for more MIMO channels
within the same array aperture. Second, since terahertz radiation can be generated
by using frequency multipliers to increase operation frequencies from the millimeter-
wave range, THz communication systems are compatible with the electronics that is
already available for the existing mm-Wave systems, which provides a tremendous
advantage over optical communication in terms of cost and integration.
The THz band is one of the least-explored frequency bands for communication.
While the technology required to make THz band communication a reality is rapidly
advancing with the development of new transceiver architectures and antennas built
upon novel materials, there still exist several research challenges both from the device
and the communication perspectives. First, the efficiency of classical ultra-broadband
antennas when operated at THz band frequencies remains unknown. Therefore, an
evaluation of critical performance characteristics of different types of antennas, in-
cluding bandwidth, reflection, impedance, and polarization should be systematically
performed in the THz band. Second, not only the Line-of-Sight, but the Non-Line-
of-Sight transmissions of EM waves through different propagation mechanisms, such
as reflection, scattering, and diffraction, need to be characterized, modelled, and val-
idated with measurements for different materials at THz band frequencies. Third,
a statistical model that efficiently characterizes THz multipath fading channels with
parameters that affect the received multi-path signals, including the probability of the
presence of LoS, that of the resolvable NLoS components, propagation delays, and
path gains, needs to be developed. This thesis answers the aforementioned challenges.
3
1.2 Antennas for THz Communications
To design THz communication systems, we need wideband, high-gain antennas to
cover the large frequency range and compensate for the high propagation loss. In
addition, THz antennas need to be planar and suited to be realized in integrated
or printed circuit board (PCB) technology. Although numerous antennas have been
proposed in [16]-[25], they suffer from either a very limited bandwidth or bulky 3-D
structure that is not desirable for antennas operating at THz frequencies since they
cannot be easily integrated with the transceiver within a compact package. Another
type of high-gain antenna, such as the slotted waveguide antenna, is proposed in
[26]-[29]. However, the antenna performance is compromised by fabrication accuracy,
material losses, and process complexity. Specifically, in [29], a SU-8-based slotted
waveguide antenna designed to operate at 300 GHz is proposed, but the antenna’s
gain is only 5 dBi due to the resistive losses from the imperfect joints between SU-8
layers that require high precision micro-machining.
We propose that the optimal type of antenna that fulfils all three requirements,
namely, high-gain, wideband, and 2-D planar structure, is the linearly-tapered slot
antenna (LTSA) or Vivaldi antenna, which only differs in the way the slot is tapered.
The 300 GHz multilayer LTSA has been analyzed in [30]. However, this work is based
only on simulation results, which presents the maximum LTSA gain of mere 6 dBi or
a very wide 3 dB beamwidth of up to 170◦ with a maximum gain around 3 dBi. The
first objective of this thesis is to design, simulate, and fabricate a linearly-tapered
slot antenna (LTSA) that operates in the frequency range 280− 320 GHz. A simple
post-processing algorithm is developed to measure the LTSA’s gain and return loss,
which are verified by simulation.
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1.3 THz Indoor Channel Characterization
1.3.1 300 GHz Band
A suitable frequency window in the THz range is found around 300 GHz, where an
unregulated bandwidth of 47 GHz is available [31] and the atmospheric affects are
minimal. This large bandwidth paired with higher speed wireless links can open the
door to a large number of novel applications such as ultra-high-speed pico-cell cel-
lular links, wireless short-range communications, secure wireless communications for
military and defense applications, and on-body communication for health monitoring
systems.
The first free-space measurements at 300 GHz with bandwidth of 10 GHz have
been reported in [32]-[34] for two indoor scenarios: 1) a free-space link of devices on
a desktop and 2) a free-space connection of a laptop to an access point in the middle
of an office. Also, in [35], the LoS and NLoS indoor measurements obtained from
[32] have been compared with ray-tracing simulation. However, no statistical charac-
terization of 300 GHz channel has been reported so far. While deterministic channel
characterization is useful, the accuracy of the ray-tracing model depends heavily on
complete knowledge of material properties that require the adaptation of the model
to a new environment, which can limit the time-efficiency of the model. Therefore,
from the communications perspective, it is imperative to understand the large- (i.e.,
path loss, shadowing) and small-scale (i.e., multipath propagation) statistics of the
channel that provide easy insight into the channel properties that govern communi-
cation at THz frequencies. The second objective of this thesis is to perform large-
and small-scale statistical characterization of the 300 GHz channels in Line-of-Sight
(LoS) and NLoS indoor scenarios with larger available bandwidth (i.e., 20 GHz of
bandwidth) between the transmitter Tx and the receiver Rx on a desktop.
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1.3.2 D-Band
Another potential spectral band that can be used for THz communication is D-band
(110 GHz – 170 GHz). Not only that the entire 60 GHz of bandwidth at this band
is unregulated and available, but the signals at this band suffer less from the free-
space path loss compared to 300 GHz band, which makes it attractive for short- to
medium-range indoor applications, such as WLAN and WPAN. While D-band has
been extensively used for microwave atmospheric sounding (e.g., [36]), to the best of
the author’s knowledge, no indoor D-band channel characterization based on measure-
ments has been reported in the open literature. Although channel characterization
at 120 GHz for an indoor office scenario has been reported in [37], this work only
presents ray-tracing simulation results for a single frequency in D-band.
As much as the LoS scenario, it is important for the system designer to know
how different propagation mechanisms, such as reflection, diffraction, and scattering,
caused by obstructions of different shapes and materials can be characterized in Non-
Line-of-Sight (NLoS) environment. The third objective of this thesis is to perform
large- and small-scale characterization of D-band channels in Line-of-Sight (LoS) and
NLoS indoor scenarios, and to identify the types of propagation mechanisms present
in various NLoS channels as well as to model the associated losses.
1.4 THz Chip-to-Chip Channel Characterization
Communication between components, such as processor and memory within a com-
puter system, currently relies on metal wires and a transition to optical interconnects
is expected in the future [38]. While optics promise much higher bandwidth (and
thus improved computing performance), both wires and optics suffer from signifi-
cant challenges in terms of assembly cost, airflow, service time, and overall cost,
etc. [38]-[39]. For system components, the number of pins or optical interfaces that
a small chip package can have is limited, and sophisticated connections can also
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make component insertion (e.g. during assembly) and removal (e.g. to replace a
failed component) more time-consuming and costly [40]-[42]. For communications
between systems, cables (electrical or optical) require careful physical routing and
“cable management” to allow good airflow (for system cooling), rapid servicing of
failed computing blades/nodes, etc [43].
Wireless communication can alleviate such cable management, serviceability, and
packaging constraints [43]-[54]. Integration of wireless transceivers and antennas into
the chip package would provide communication bandwidth without adding pins or
fiber connectors to the chip package [55]-[56]. 300 GHz channels can carry ultra-high
data rate over short-range with extremely narrow beamwidth, which makes it ideal for
chip-to-chip wireless links. While measurements on the computer motherboard have
been reported at lower frequencies [57]-[59], to the best of our knowledge, no channel
measurements in the computer motherboard environment at 300 GHz have been
reported in the open literature. Chip-to-chip channel environment is that of a very
densely packed communications network, where LoS is a rare condition. Therefore,
it is necessary to study the THz-waves interaction with motherboard components
by characterizing the path loss and multipath propagation in the numerous channel
environment found on a motherboard to test the feasibility of realizing Chip-to-Chip
communications in THz band, which constitutes the third objective of the thesis.
1.5 THz Statistical Channel Model
In addition to the measurement data, the THz band is also currently missing a sta-
tistical model that efficiently characterizes short-range indoor THz multipath fading
channels with parameters that affect the received multi-path signals, including the
probability of the presence of LoS, that of the resolvable NLoS components, propa-
gation delays, and path gains.
Deterministic THz channel models based on the ray-tracing method has been
7
reported in the literature[35], where measurements obtained from a small office envi-
ronment are compared with ray-tracing simulations. Other THz indoor propagation
models based on ray-tracing are found in [60], where the power of a single-reflected
NLoS path is modelled by a summation of clusters with standard deviation statistics
of amplitude and AoA (Angle-of-Arrival) that are pre-defined for a specific wall mate-
rial (plaster) in [61]. Further, the model includes reflection and scattering losses that
need to be re-calculated for different polarization, dielectric constant, and Rayleigh
roughness factors of the reflecting surface. As these material-specific parameters limit
the practicality of ray-tracing-based channel models, for the cases when the number
of multipath components is large, or when the geometry and dielectric properties of
the propagation environment are unknown, we must use statistical approximations
to characterize the propagation medium.
In [62], the first stochastic model for THz indoor channels is proposed. In the
proposed model, the frequency-dependent path gain model [63] and the indoor Saleh-
Valenzuela model [64] are adapted for the THz frequencies, and ray-tracing simulation
for an office environment is performed to extract the statistical parameters that are
used for the generation of a large set of channel realizations. While this approach
significantly simplifies channel simulations, it does not provide insight into statistical
properties, such as the correlation function (i.e., the function that characterizes how
fast a wireless channel changes with time, movement, or frequency) and the power
delay profile (i.e., the function that characterizes multipath propagation). These
statistics enable the system designer to make informed decisions when choosing mod-
ulation, interleaving, and coding schemes at the transmitting end and the type of
channel estimator and decoder at the receiving end.
The fourth objective of this thesis is to devise a two-dimensional (2-D) geometry-
based statistical channel model for short-range device-to-device THz wireless channels
between the stationary and directive Tx/Rx antennas, and to validate the model with
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measurements obtained from the measurement campaigns conducted in 300 GHz band
and D-band.
1.6 mm-Wave vs. THz Propagation
While THz band offers ultra-wide bandwidths, and therefore, ultra-high data rates,
the channel suffers from inherently high free-space path loss due to its dependence
on frequency. Hence, LoS signals are limited in range, and NLoS propagation is even
more problematic at THz frequencies, unless it is directed, or guided, by reflections.
However, even an LoS condition between transmitter and receiver is not always guar-
anteed in indoor environment, and the narrow beamwidth (i.e., high gain) of the
antenna does not provide many other options for the signal to reach the receiver
once the LoS is obstructed by non-transmissive objects. Therefore, it is of interest
to investigate a lower spectrum, or the mm-Wave band, where, at the expense of
available bandwidth, signals are much less attenuated by free-space propagation and
antennas have wider beamwidths. This trade-off between the bandwidth and range
necessitates a comparative analysis among a mm-Wave band and the two THz bands
characterized above, 300 GHz and D-band.
It has been recently shown that new mm-Wave broadband cellular communication
networks (5G) can be realized at frequencies 28 GHz and 38 GHz with steerable
directional antennas [65]. The available bandwidth at 28/38 GHz is significantly less
compared to THz bands (i.e., 1 GHz [65] vs. tens of GHz), while antennas of much
wider beamwidths can be used due to the relaxed requirement on gain. Different path
loss parameters and power delay profiles are expected for 30 GHz channels because
of the richer multipaths due to the wider beamwidth of the antennas and different
reflection/penetration losses.
The final objective of this thesis is to compare propagation mechanisms in mm-
Wave channels with those in THz channels. To achieve that, we compare the same
9
indoor scenarios measured at D-band and 300 GHz with 30 GHz channel measure-
ments.
1.7 Research Contributions
This section summarizes the contributions of this thesis as follows:
1. Design, simulation, and fabrication of a double-sided Linearly-Tapered Slot An-
tenna (LTSA) that operates at THz frequencies, i.e., between 305 GHz and
320 GHz [66]
2. Measurement and statistical characterization of 300− 320 GHz LoS and NLoS
desktop channels [67], [68]
3. D-band (110− 170 GHz) channel measurement and statistical characterization
in LoS and NLoS indoor scenarios with obstructions of different shapes and
materials [69], [70]
4. Measurement and modelling of losses associated with different propagation
mechanisms (i.e., diffraction, reflection) in D-band and 300 GHz band NLoS
channels [71]
5. Characterization of Chip-to-Chip communications channels on a computer moth-
erboard at 300 GHz [72], [73]
6. Development of 2-D geometry-based statistical channel model for indoor short-
range THz channels and its validation with measurement data [74], [75]
7. Comparative analysis of mm-Wave band (26.5 GHz–40 GHz) and THz band
(D-band and 300 GHz) for LoS and NLoS indoor scenarios
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1.8 Thesis Outline
The remainder of this thesis is organized as follows: Chapter 2 reviews the important
concepts of statistical channel characterization and describes the two approaches to
channel modeling: deterministic and statistical. Chapter 3 describes the Linearly-
Tapered Slot Antenna designed for operation at 300 GHz, and presents the simulated
and measured results. Chapter 4 lays out the results of measurement and statisti-
cal characterization of 300 GHz LoS and NLoS desktop channels, while those of D-
band are presented in Chapter 5. Chapter 6 details another extensive measurement
campaign, where the unique propagation environment of a computer motherboard
is characterized for the viability of 300 GHz Chip-to-Chip communications channel,
and Chapter 7 presents the 2-D geometry-based parametric reference and simulation
models for indoor short-range THz channels along with experimental verification with
the measurement data collected from Chapter 4, 5, and 6. Finally, Chapter 8 com-
pares the mm-Wave band propagation mechanisms with those of the THz bands, and
the thesis is concluded in Chapter 9 with the summary of its research contributions




This chapter briefly reviews important channel statistics that will appear repeatedly
in this thesis. Also, the two approachees to channel modeling; deterministic and
statistical, as well as their application in THz bands are reviewed.
2.1 Statistical Channel Characterization
Channel statistics can be classified as either large- or small-scale statistics. Large-
scale statistics pertain to large-scale fading, such as path loss and shadow fading, that
are dominant when the receiver moves over distances greater than several tens of the
carrier wavelength. Large-scale fading plays an important role in determining the
cell coverage area, outage, and handoffs. On the other hand, small-scale statistical
properties of the channel are related to small-scale fading that is caused by multipath
propagation. This effect plays an important role in determining link level performance
in terms of bit error rates, average fade durations, etc.
2.1.1 Large-Scale Statistics
Path loss is the attenuation in the transmitted signal as it propagates from the trans-
mitter (Tx) to the receiver (Rx). This attenuation may be caused by effects such as
free-space propagation loss in an LoS environment, while other mechanisms, such as
diffraction, reflection, and absorption, can affect it in an NLoS environment.
The simplest path loss model assumes a line-of-sight (LoS) link between the Tx
and Rx and propagation in free space. Under these assumptions, the received signal






where PT is the transmitted power; GT and GR are the transmit and receive antenna
gains, respectively; λ is the carrier wavelength, and d is the distance between the
Tx and Rx. The signals in wireless communications, however, do not experience
free space propagation. Therefore, several different models such as the Okumura-
Hata, Lee, Walfish-Ikegami, etc., have been proposed to model path loss in different
propagation environments such as urban, rural, and indoor areas [76]. A detailed
description of different path loss models can be found in [76]. The path loss models
described above assume that the path loss is constant at a given distance. However,
the presence of obstacles such as buildings and trees results in random variations of the
received power at a given distance. This effect is called shadow fading. Experimental
results show that shadow fading can be modeled as a log-normal random variable.













where Ωp denotes the mean squared envelope level, µΩp is the area mean expressed in
dBm and σΩ is the standard deviation of the shadow fading. Typical σΩ values range
from 5–10 dB.
The large-scale statistics of the channel are characterized by the parameters, γ,
the path loss exponent, and σ, the standard deviation of shadow fading, that are
obtained from the distance-domain measurements of path loss, where displacement
is greater than several tens of λ. γ characterizes how rapidly path loss increases (or
decreases) with increasing separation distance between the Tx and the Rx, while σ
characterizes the variation in measured path losses.
A single-slope log-distance path loss model can be written as





+ PL(d0) +Xσ, (3)
where PL(d) is the path loss in dB at the distance d, PL(d0) is the free-space path
loss at the reference distance d0, and Xσ represents the shadow fading that can be
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modelled as a zero-mean Gaussian distributed random variable (in dB) with standard
deviation σ.
More advanced statistical models can be devised from the measurements if the
single slope model does not produce adequate fit. However, for THz indoor scenarios
that are of interest in this thesis, the single-slope model has been found to provide
sufficiently accurate fit to the measurements. The alternative approach is a determin-
istic approach (e.g. ray-tracing [35] and diffraction modeling [61]), which is expected
to produce more repeatable results; however, it depends on the detailed and accurate
description of all objects in the propagation space.
2.1.2 Small-Scale Statistics
The presence of local scattering objects often obstructs a direct wave path between
the Tx and Rx. Then, a non-line-of-sight (NLoS) propagation path will exist between
the Tx and Rx. As a consequence, the waves must propagate via reflection, diffraction,
and scattering. At the receiver, waves arrive from many different directions and with
different delays. The multiple waves combine vectorially at the receiver antenna (a
phenomenon called multipath fading) to produce a composite received signal. Diffuse
wave components arise under NLoS propagation due to the presence of scatterers in
the environment. In the presence of such diffuse components, the fading is described
by a Rayleigh distribution. However, when a specular component, i.e., LoS or a
strong reflected path, also arrives at the receiver, the fading is described by a Rician
distribution. The channel can be modeled by a linear time-variant filter that has the




gl(t)δ(τ − τl), (4)
where L is the total number of resolvable multipath components, gl(t) is the time-
varying complex faded envelope associated with the lth resolvable multipath com-
ponent arriving with an average time delay τl. Each time-varying complex faded
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envelope gl(t) is either Rayleigh or Rician faded.
Time selectivity and frequency selectivity are two important properties of the
channel impulse response. Time selectivity refers to the property that the channel
impulse response changes with time. This is caused by the motion of the Tx, the Rx,
and/or the scatterers. When viewed in the frequency domain, time selectivity appears
as Doppler shifts in the transmitted signal, causing a broadening of the transmitted
signal spectrum. This effect is also called frequency dispersion. Based on the rate
with which the channel impulse response changes relative to the signal transmission
rate, channels may be classified as fast fading or slow fading. Fast fading implies
that the channel changes within the transmitted symbol duration, while slow fading
implies that the channel is approximately constant within a symbol duration. A good
measure of channel selectivity is given by the channel coherence time, or equivalently,
the Doppler spread, i.e., the time duration for which the channel can be considered
as approximately time-invariant. Time selectivity is not relevant in this thesis since
Tx and Rx as well as any scatterers in the channel are in movement (i.e., channel is
time-invariant).
Frequency selectivity refers to the property that the channel impulse response
changes with frequency. Multipath components that arrive with different time de-
lays cause this frequency selectivity. Based on their degree of frequency selectivity,
channels may be classified as frequency-flat or frequency-selective channels. If all
the transmitted frequencies undergo approximately identical amplitude and phase
changes, the channel is called frequency-flat. On the other hand, if all transmitted
frequencies experience different amplitude and phase changes, the channel is termed
frequency-selective.
The small-scale statistics result from this frequency selectivity of the channel. The
variation of path loss about the mean value in frequency-domain translates to the
number of multipaths in the delay domain through Fourier Transformation, i.e., the
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more multipaths are detected, the more variation in the frequency response. It follows
that the small-scale statistics of the channel are characterized by the parameter,
τrms, or the RMS delay spread, which is a good estimate of how multipath-rich the
channel is. RMS delay spread, in turn, is directly related to the coherence bandwidth
(Bc ∝ 1τrms ), i.e., the bandwidth over which the channel’s frequency response remains
constant. The channel can be considered frequency-flat only if the transmission is
narrowband compared to the channel’s coherence bandwidth. Otherwise, the channel
is frequency-selective.
2.2 Deterministic Channel Modeling
Deterministic channel models aim to solve Maxwell′s equations in either an exact or
an approximate way. Different propagation mechanisms that each ray experiences
during its travel from the transmitter to the receiver are modeled separately in a
deterministic fashion.
2.2.1 Reflection and Transmission
Reflection from, and transmission through, dielectric objects are important propa-
gation mechanisms that show frequency dependence due to the frequency-varying
dielectric properties of most materials that impacts the reflection and transmission
coefficients of the considered objects. Moreover, the transmission through a dielectric






where T and ρ represent the transmission and reflection coefficients, and the subscripts
1 and 2 indicate the medium air and the dielectric, respectively. α(f) is the frequency-









where dlayer is the geometrical width of the layer. A more detailed analysis is given
in [78], [79].
2.2.2 Diffraction
Another propagation mechanism, through which signals can reach the receiver in
NLoS environment, is diffraction at the edge of a screen or a wedge. For diffraction
by a half-plane, the complex-valued amplitude of the scattered field at the distance


















dµ and the plus and minus signs denote the H
and E polarization of the incident field. φ0 and φ are the incident and observation
angles, respectively; k = ω/c0 is the wave number. A detailed mathematical frame-
work for diffraction by screens as well as wedges and electrically large objects can be
found in the book chapter [80].
2.2.3 Scattering on Rough Surfaces
When an incident ray impinges on a rough reflecting surface, a certain amount of
the incident power is scattered diffusely. According to the Kirchhoff theory [81], the
reflection coefficient of a rough surface, which also shows a strong dependence on












where σh is the standard deviation of the height distribution, φ0 is the angle of
incidence, and ρsmooth is the reflection coefficient of the surface if it were smooth.
2.2.4 Deterministic Channel Models at THz band
Priebe et al. have developed an in-house Ray-Tracing (RT) simulation tool [35] that
deterministically predicts the THz indoor channel behavior by modeling the propa-
gation mechanisms at THz band. The details regarding the modeling of diffraction,
reflection, and scattering, as well as the building material characterization at THz
frequencies, can be found in [61], [82], [34], and [83], respectively. The RT simulation
results are validated with 300 GHz indoor measurements in small office environment
that features plaster walls, a wooden table, a door, a plastic wardrobe, and a glass
window. The comparison between the simulated power delay profile and channel
transfer function with the measured ones reveals that the RT model can either over
or underestimate the amplitudes of the measured paths by up to 8 dB even with the
slightest discrepancies in the alignment and positioning of the Tx and Rx as well as the
office dimensions. Furthermore, due to the small wavelength of 1 mm at 300 GHz,
these minute spatial inaccuracies also lead to discrepancies in times of arrival and
phase errors that cause fading dips in the simulated transfer function to appear at
different frequencies compared to the measurement. Furthermore, the propagation
mechanism considered in the RT model is limited only to the specular reflections from
specific angular ranges, with no regard to scattering on rough surfaces or diffraction
that would increase the complexity and the time required for the simulation even
more.
In summary, the precision of the deterministic predictions of the channel through
Ray-Tracing heavily depends on the thorough knowledge of material parameters that
are not always available a priori, and they need to be re-calculated even for the
slightest changes in the environment in regards to the geometry or the materials of
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the objects. Also, when multiple propagation mechanisms occur simultaneously, their
correct modeling can be very difficult and further complicate the simulation.
2.3 Statistical Channel Modeling
For the simulation and testing of wireless systems, stochastic channel models are
popular since they reflect the essential properties of propagation channels, without
trying to emulate the exact behavior for each specific location.
2.3.1 Path Gain





where the expectation is taken over an area that is large enough to average out the
large-scale fading due to shadowing as well as the small-scale fading due to multipaths,
i.e., E[·] = Els[Ess[·]], where subscripts ls and ss indicate large scale fading and small
scale fading, respectively.
In UWB channels, the path gain (i.e., negative of path loss) is a function of not
only the distance, but also the frequency. Therefore, the frequency-dependent path
gain (related to wideband path gain in [84], [85]) is defined as






where H(f, d) is the channel transfer function, and ∆f is chosen, such that the mate-
rial properties (e.g., diffraction coefficients, dielectric constants, etc.) can be consid-
ered constant within that bandwidth. The total path gain is obtained by integrating
over the whole bandwidth of interest.
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2.3.2 Multipath Propagation
It had been recognized in many channel investigations that multipath components
(MPC’s) tend to arrive in clusters. The most popular way to reflect this mathemati-







ak,l exp(jφk,l)δ(t− Tl − τk,l), (11)
where ak,l is the tap weight of the k
th component in the lth cluster, Tl is the delay
of the lth cluster, τk,l is the delay of the k
th MPC relative to the lth cluster arrival
time Tl . The phases φk,l are uniformly distributed i.e., for a bandpass system, the
phase is taken as a uniformly distributed random variable in the range [0, 2π]. K is
the number of MPC’s within a cluster. L is the number of clusters; it can either be
assumed fixed [86], or considered to be a stochastic variable [87], [88].
A number of different models have been proposed for the arrival times of MPC’s
within a cluster:
1. Regularly spaced arrival times: All MPC’s lie on a regular grid Tl + τk,l = i∆,
where ∆ is the sampling interval [89], [90].
2. Poisson arrival times: Arrival times within a cluster is a Poisson process. The
probability density function for the arrival of kth MPC, given the arrival time
of the previous MPC, τ(k1),l, can be written as
p(τk,l|τ(k−1),l) = λl exp[−λl(τk,l − τ(k−1),l)], k > 0, (12)
where τ0,l = 0.
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3. Mixed Poisson process [91]:
p(τk,l|τ(k−1),l) = βλ1 exp[−λ1(τk,l − τ(k−1),l)]
+ (1− β)λ2 exp[−λ2(τk,l − τ(k−1),l)], k > 0, (13)
where β is the mixture probability, and λ1 and λ2 are the ray arrival rates.
The most common model for the power delay profile that determines the shape of
each cluster is a one-sided exponential decay
E[|ak,l|2] ∝ Ωl exp(−τk,l/γl), (14)
where Ωl is the integrated energy of the l
th cluster, and γl is the intracluster decay
time constant. The cluster powers, averaged over the large scale fading, in general
follow an exponential decay
10log(Ωl) = 10log(exp(−Tl/Γ)), (15)
The intercluster decay time constant Γ is typically around 10 – 30 ns, while widely
differing values (between 1 and 60 ns) have been reported for the intracluster constant
γ, see, e.g., [87], [89], [92], [93], [94]. Like the inter-path arrival times (1/λ), the inter-
cluster arrival times are also a Poisson process,
p(Tl|Tl−1) = Λ exp {−Λ(Tl − Tl−1)}, (16)
where Λ is the cluster arrival rate (assumed to be independent of l), and 1/Λ is
typically in the range of 10 – 50 ns [87], [92], [93], [95].
2.3.3 Amplitude Variations
The amplitude of the kth MPC, ak,l in Eq. (11), varies over a small area due to
the superposition of unresolvable MPC’s. In narrowband systems, many MPC’s fall
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within each resolvable delay bin, such that the central limit theorem is applicable, and
the amplitudes of the bins exhibit a Rayleigh distribution over time. In UWB systems,
the width of each delay bin, and therefore, the number of superimposing MPC’s is
much smaller, and it has been empirically determined that alternative amplitude
distributions must be used:
1. Nakagami distribution: Observed in [89], [94], [96], the pdf of Nakagami distri-














where m ≥ 1/2 is the Nakagami m-factor; Σ(m) is the gamma function, and Ω
is the mean-square value of the amplitude. The m-parameter is often modeled
as a random variable [89].
2. Rice distribution: The Rice distribution, which is used in [97] and [96], de-
scribes the envelope of a sum of one dominant component and many smaller
components. Its pdf is given by









where K is the rician factor, which is the ratio of the strong specular power to
the sum of smaller diffuse power, and I0(·) is the zero-th order modified Bessel
function of the first kind.
3. Lognormal distribution: Suggested for use in UWB by [98], the lognormal dis-














where σx is the standard deviation of x, and µdB is the mean of the values of
x expressed in dB. With this distribution, the small-scale and the large-scale
fading statistics have the same form; the superposition of lognormal variables
can also be well approximated by a lognormal distribution [76]. In [99], it
has also been reported that the deviations of |h(τ)|2 around the PDP can be
modeled as a lognormal process.
4. Weibull distribution: [100], [101] have suggested to either model the ampli-
tudes, or the deviation of |h(τ)|2 around the PDP, respectively, using a Weibull
distribution.
5. Rayleigh distribution: When the K factor in Eq. (18) approaches 0, or when the
dominant component disappears, the amplitudes of the bins follow a Rayleigh
distribution, even when the resolvable binwidth is very small. For example,
[90] observed Rayleigh fading in an industrial environment with many metallic
objects for a 7.5 GHz measurement bandwidth.
Several papers have also found that the fading depth increases with increasing delay
[89], [97].
2.3.4 Stochastic Channel Models at THz band
A statistical indoor channel model at 300 GHz for a small office scenario has been
proposed by Priebe et al. in [62], where the concepts of UWB channels, such as
frequency-dependent path gain and the temporal amplitude decay according to the SV
model are adopted to the THz band (275 GHz – 325 GHz). The model generates fast
channel realizations based on statistical parameters collected through Ray-Tracing
simulations in space-, time-, and frequency-domains.
The channel realizations are contrasted to Ray-Tracing simulations in terms of
the CDF’s of Rician factor, K, and the angular spread of Angle-of-Arrival’s (AoA’s),
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σAoA. Both the RT simulation and statistical model predicts the K factor in the
range 0.5 – 10, but the model slightly overestimates K on average. Also, σAoA’s in
the range 1.5◦ – 25◦ and 1.5◦ – 55◦ are obtained in elevation and azimuth planes, re-
spectively. In case of the elevation, the CDF’s agree well with deviations of no more
than a few degrees, whereas the azimuth angular spreads deviate by up to 10◦. The
underlying reason for these deviations is that all Rx positions have been incorporated
in the derivation of the model parameters, whereas the channel conditions in the of-
fice are position-specific. Therefore, the randomized reflected amplitudes, number of
reflections, and the AoA/AoD ranges, etc. can differ from RT predictions. Neverthe-
less, the authors conclude that the statistical model simplifies the channel realization
greatly, while still reproducing the THz broadband spatio-temporal channel properties
from ray tracing or measurements sufficiently well. While this work could confirm the
validity of statistical approach for the generation of THz channel transfer functions
in a small office environment, it does not provide insight into important statistics of
the indoor THz channels, such as path gain exponent (γ), shadowing variance (σ),
RMS delay spread (τrms), and channel coherence bandwidth (Bc). Especially, the
small-scale statistics, i.e, τrms and Bc, associated with the power delay profile and
frequency correlation function, respectively, enable wireless system designers to make
informed decisions when choosing modulation, interleaving, and coding schemes at




300GHZ LINEARLY TAPERED SLOT ANTENNA
DESIGN AND MEASUREMENTS
3.1 Overview
Antennas operating at THz band frequencies must have high gain and wide band-
width. The former is required to compensate for the high path loss of THz channels,
and the latter is necessary to take advantage of the wide range of frequencies available
in THz band. In addition, a planar (2-D) structure with small dimensions is required
for a THz antenna for integration and packaging purposes. Several antennas have
been designed to satisfy either or both of these requirements. In [16]-[20], high-gain
antennas are proposed by combining elliptical dielectric lenses and slots or dipole
feeds. However, these antennas suffer from a very limited bandwidth and bulky 3-D
structure that is not desirable for antennas operating at THz frequencies. To address
the problem of narrow bandwidth, leaky lens antennas are proposed in [21]-[25], but
they still have the 3-D geometry that prevents them from being easily integrated
with the transceiver within a compact package. Another type of antenna that fea-
tures a high-gain characteristic is the slotted waveguide antenna, and several different
non-mechanical-machining-based techniques to fabricate them have been proposed in
[26]-[28]. However, the antenna performance is compromised by fabrication accuracy,
material losses, and process complexity. A SU-8-based slotted waveguide antenna
designed to operate at 300 GHz has been proposed in [29]. Although the antenna
presents a simple and cost-effective SU-8 technique, the multi-layered structure re-
quires high precision micro-machining, where even a slight gap between the layers
leads to significant power loss. Further, due to the resistive losses from the imperfect
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joints between SU-8 layers, the measured gain of the antenna is only 5 dBi, which is
insufficient for THz channels. Finally, the optimal type of antenna that fulfils all three
requirements, namely, high-gain, wideband, and 2-D planar structure, is the linearly-
tapered slot antenna (LTSA) or Vivaldi antenna, which only differs in the way the
slot is tapered. The 300 GHz multilayer LTSA has been analyzed in [30]. However,
this work is based only on simulation results, which presents the maximum LTSA
gain of mere 6 dBi or a very wide 3 dB beamwidth of up to 170◦ with a maximum
gain around 3 dBi.
In this chapter, a linearly tapered slot antenna (LTSA) that covers 305–320 GHz
frequency range has been designed, simulated and fabricated. Simulations show that
antenna has gain of 13 dBi and a return loss below 10 dB across the 300–320 GHz
frequency range, which are verified experimentally. The LTSA has been fabricated
using a standard PCB milling machine and the Rogers RT/Duroid 5880 material.
One of the main obstacles in designing THz communication systems is the cost
of testing equipment. To overcome this problem, it is also shown here how pairing
a relatively low-cost 305–320 GHz communication system with a 10 MHz–30 GHz
vector network analyzer (VNA), and using additional signal processing, can be used
to calculate the gain and return loss of a tested antenna.
The remainder of this chapter is organized as follows: Section 3.2 describes the
LTSA design and fabrication. Section 3.3 presents the measurement setup, and Sec-
tion 3.4 details the signal post-processing to obtain the gain and return loss of the
measured antenna. Section 3.5 compares the simulated and measured results, and
finally, Section 3.6 presents some concluding remarks.
3.2 Antenna Design and Fabrication
Figure 1 shows the layout of the proposed 300 GHz LTSA. The layout consists of 2
copper layers, each having a slot tapered from the top of the WR-3 waveguide to the
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top of the antenna. The antenna has been simulated with CST [102] and fabricated
on a 15 mil Rogers RT/Duroid 5880 R3 board using a standard PCB milling machine.
The dielectric constant of the material is ǫr = 2.2 and the copper thickness is 36 µm.
The design parameters (i.e., initial slot width a, tapered end slot width b, slot length
h, substrate thickness t, and the flare angle of the tapered slot θ) and their numerical
values are summarized in Table 1.
Figure 1: Linearly tapered slot antenna design.
Table 1: LTSA Design Parameters.
Parameter Symbol Value
Initial slot width a 863.6
End slot width b 5 mm
Slot length h 10 mm
Substrate thickness t
Flare angle 11.7º
To connect our LTSA to the measurement system described in Section 3.3, we had
to include a tail section that is inserted into the WR-3 waveguide as shown in Fig. 5.
We have designed the tail in a way that it not only serves as the connection between
the antenna and the waveguide, but it also helps reduce the reflections inside the
waveguide. By introducing the tail section, the propagating wave does not experience
an abrupt change of medium (from air to Duroid), which leads to smaller reflections
at the waveguide-antenna interface. The CST simulation results are shown in Fig. 2.
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We can observe that the average antenna gain is around 13 dBi and the return loss
is below 10 dB across all frequencies.
Figure 2: Simulated linearly tapered slot antenna gain and return loss.
3.3 Measurement Setup
The measurement setup consists of the N5224A PNA vector network analyzer (VNA),
the VDI transmitter (Tx210) and the VDI receiver (Rx148). The N5224A VNA
provides an input signal in the range 10 MHz–20 GHz. In the VDI Tx210 transmitter,
the terahertz-range carrier signal starts out as a 25 GHz signal, which is generated
by a Herley-CTI phase-locked dielectric resonator oscillator (DPRO with 100 MHz
reference crystal oscillator) [103]. This signal is amplified and its frequency is doubled
using a Norden N08-1975 [104], and then tripled using a VDI WR6.5X3 [105]. This
signal is then fed to the sub-harmonic mixer that plays a dual role of doubling the
carrier frequency and mixing it with the baseband signal (10 MHz–20 GHz, delivered
by the VNA) [106]. The resultant terahertz-range signal is then transmitted by the
horn antenna that has a gain of 23 dBi in the range 280–320 GHz. At the receiver
side, the same components are used to down-convert the signal, except that the
DPRO is tuned to 24.2 GHz, resulting in a down-conversion of the received RF signal
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to an IF signal of 9.6 GHz. The upper sideband of the down-converted signal is then
recorded by the VNA in the frequency range of 9.6–29.6 GHz. The corresponding
block diagram is shown in Fig. 3. By recording the frequency dependent scattering
parameter S21 for the test signal frequencies ftest = 10 MHz − 20 GHz at the VNA,
the channel transfer function at f = 300 GHz + ftest is measured.
Figure 3: The 280–320 GHz measurement setup.
It has been found that the inherent loss in the transceiver is very high (40-50 dB)
and that this loss has to be de-embedded from any S21 measurements to obtain true
S21 transfer functions. The bandwidth of 15 GHz is used in all measurements to avoid
the Tx amplifier distortions present in the range of 300–305 GHz. This provides a
temporal resolution of 0.067 ns.
The start frequency is bound to a minimum of 10 MHz by the VNA and the stop
frequency could not exceed the system limitations of 20 GHz. Due to input power
restrictions of the mixers, a test signal with a power of −5 dBm is used, providing
a dynamic range of approximately 90 dB for the chosen intermediate frequency filter
bandwidth of ∆IF = 10 kHz. The number of sweep points is set to 801, and the
maximum excess delay is 53 ns.
To obtain the gain and the return loss of the fabricated LTSA, two measurement
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scenarios have been employed. First, the channel transfer function, S21, is measured
between the two identical horn antennas, one on the Tx and the other on the Rx
module as shown in Fig. 4. This measurement setup is used to find the frequency
dependent gain and return loss of the horn antenna.
Figure 4: Photograph of the measurement scenario when the transfer function S21 is
measured between two horn antennas.
Second, S21 is measured between the horn antenna on the Tx and the LTSA on
the Rx side, as shown in Fig. 5, to find the frequency dependent gain and return loss
of the LTSA. The post-processing of the measured data is described in Section 3.4.
3.4 Post-processing of Measured Data
This section describes the signal processing used to obtain the gain and the return
loss of the LTSA. The steps of signal post-processing are as follows:
1. The transceiver loss is de-embedded from the measured S21. This step is neces-
sary because the system calibration can only be performed at the input and the
output of the Tx and Rx modules, while the transceiver introduces significant
frequency-dependent loss into the system.
2. The measured channel transfer function between two horn antennas is used to
calculate the frequency dependent gain and S11 of the horn.
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Figure 5: Photograph of the measurement scenario when the transfer function S21 is
measured between the horn and the LTSA.
3. The obtained gain and S11 of the horn from Step 2 along with the measured
S21 between the horn and LTSA are used to calculate the frequency dependent
gain and S11 of the LTSA.
The following two subsections describe the detailed signal processing techniques
used in steps 2 and 3.
3.4.1 Horn-to-Horn Measurement Scenario
Figure 6 shows the diagram of the horn-to-horn measurement scenario.
To obtain the frequency dependent gain of the horn antenna, we use the Friis
equation [107]:
Pout [dB] = Pin [dB] + 2Ghorn [dB]− PL [dB], (20)
where Pout − Pin is the measured transfer function S21, Ghorn is the frequency-
dependent gain of the horn antenna, and PL is the free-space path loss, which can






Figure 6: Diagram of the horn-to-horn measurement scenario.
where d denotes the distance between two horn antennas, and λ is the wavelength. In
this measurement scenario, the distance between the horn antennas was d = 10 cm.
To find the S11 of the horn, we consider the diagram shown in Fig. 6. Here, the Tx
and the Rx antennas have the same reflection and transmission coefficients, S
h
11 and
Sh21, since two identical horn antennas are used. Assuming that the horn has 100%
efficiency, the relationship between Sh11 and S
h
21 can be defined as [109]:
|Sh11|2 + |Sh21|2 = 1. (22)
The measured S21 includes path loss and twice the horn gain, which need to be
compensated for to find the true channel transfer function. Therefore, Shh21 in Fig. 6
is calculated as
Shh21 = S21deembed + PL− 2Gh, (23)
where S21deembed refers to the measured S21 after the de-embedding of the transceiver
loss, and Gh is the average of the frequency dependent horn gain. From Fig. 6, we
can relate Sh21 and S
hh
21 as follows:
|Shh21 |2 = |Sh21|2|Sh21|2 (24)
which leads to
|Sh21|2 = |Shh21 |. (25)
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Finally, Sh11 can be found by substituting (25) into (22) as
|Sh11| =
√
1− |Shh21 |. (26)
The measured (i.e., post-processed) S11 and gain of the horn are shown in Fig. 7.
They are also compared with simulated S11 and gain of the horn antenna to verify
our approach. The comparison is further discussed in Section 3.5.
Figure 7: Simulated and measured horn antenna gain and S11.
3.4.2 Horn-to-LTSA Measurement Scenario
The algorithm described in Section 3.4.1 is also used in the second measurement
scenario to find the gain and the return loss of the LTSA. The only modification
from the first scenario is that the Rx horn antenna is now replaced with the proposed
LTSA, and the Sh11 and S
h
21 on the Rx side, and S
hh





21, respectively. Note that the separation distance of d = 1.5 cm has
been chosen in this measurement scenario to ensure direct line of sight between the
horn and LTSA, as illustrated in Fig. 5.
Following the similar reasoning as in the horn-to-horn measurement scenario, we
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can observe that (24) can be rewritten as
|Shl21|2 = |Sh21|2|Sl21|2, (27)
where Shl21 is the de-embedded S21 between the horn and the LTSA that has been
compensated for path loss and the gains of the two antennas, Sh21 is the S21 of a single
horn that was found in the previous section, and Sl21 is the S21 of the LTSA that
needs to be calculated. Rearranging (27) for |Sl21|2, and employing the relationship
between Sl11 and S
l








The measured S11 and gain of the LTSA are shown in Fig. 8. They are also compared
with the simulated S11 and gain of the LTSA to verify our approach. The comparison
is further discussed in Section 3.5.
Figure 8: Simulated and measured LTSA gain and S11.
3.5 Comparison Between Simulated and Measured Results
Figures 7 and 8 compare the simulated and measured gain and return loss of the horn
and the proposed LTSA, respectively. For the simulated results, the measurement
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scenarios described in Section 3.4.1 and 3.4.2 are simulated in CST [102], and the
obtained S21’s have been subject to the identical post-processing procedure described
in Section 3.4. By replicating the measurement setup in the simulation space, a
more fair and comparable results than those obtained from a single, isolated LTSA
simulation have been achieved.
In Fig. 7 and 8, it is observed that the measured gain and S11 are quite com-
parable with the simulated ones for both the horn and LTSA. The ripples seen in
the measured gain are confirmed by simulation, and it has been found that they
are the result of multiple reflections between Tx and Rx hardware. The fabricated
LTSA achieves a high gain of around 13 dBi, and below −10 dB S11 for most of the
measured bandwidth of 305–320 GHz, as observed in Fig. 8. Although the measured
results have been plotted for only the upper sideband with additional loss of 5 GHz
due to amplifier distortion present in 300–305 GHz, simulation has proven that, in
principle, the LTSA has a high gain and low S11 below −10 dB across the entire
bandwidth of 280–320 GHz as shown in Fig. 2, confirming the wideband (13.3 % frac-
tional bandwidth) characteristic of the proposed antenna. The slight discrepancies
observed between measurement and simulation can be attributed to imperfections in
fabrication, transitions between the waveguide and antenna, rough surfaces, etc. that
would introduce additional losses not accounted in our post-processing algorithm. It
can be expected that at such high frequencies, the slightest dimensional irregularity
of the structure that is in direct contact with the propagating wave can result in
considerable reflections.
3.6 Summary
A broadband linearly-tapered slot antenna with the average gain of 13 dBi across
the 280–320 GHz range has been designed, fabricated, and tested. The LTSA has
been fabricated using a standard PCB milling machine and the Rogers RT/Duroid
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5880 material. To reduce testing cost, pairing of a relatively low-cost 300–320 GHz
communication system with a 10 MHz–30 GHz vector network analyzer (VNA) and
the use of signal processing has been proposed to extract the gain and return loss
of the tested antenna. The results show that the measured average gain and return
loss are in good agreement with the simulation results, suggesting that the fabricated
LTSA has a high gain and wideband characteristics.
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CHAPTER IV
STATISTICAL CHARACTERIZATION OF 300-GHZ
PROPAGATION ON A DESKTOP
4.1 Overview
The first measurements and characterization of 300−310 GHz desktop channels have
been reported in [32], where Line-of-Sight free-space propagation as well as diffraction
on an edge of a copper plate have been investigated. Also, in [35], the LoS and NLoS
indoor measurements obtained from [32] have been compared with ray-tracing simu-
lation with good agreement. While deterministic channel characterization is useful,
it requires a priori, site-specific knowledge of the channel environment that cannot be
generalized and large simulation time due to the model’s adaptation to a new environ-
ment. Therefore, from the communications perspective, it is imperative to understand
the large- (i.e., path loss, shadowing) and small-scale (i.e., multipath propagation)
statistics of the channel that provide easy insight into the channel properties that
govern communication at THz frequencies. To the best of author’s knowledge, no
statistical characterization of 300 GHz channel with 20 GHz of bandwidth has been
reported so far.
The contributions of this work are:
1. Devised parameters for the single-slope path loss model with shadowing for LoS
environment and analyzed the impact of different materials on path loss when
there is no direct line-of-sight present. The results show that the path loss
exponent is around 1.9 and the variations due to shadowing are similar across
different frequencies and different bandwidths. Additionally, we find that metal
objects in the propagation path cause multiple strong reflections leading to
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higher path loss.
2. Analyzed the rms delay spread τrms, the mean excess delay τm, the maximum
excess delay, the coherence bandwidth and power delay profiles for LoS and
NLoS environments. In LoS environment, the mean values of τrms and τm are
428.4 ps and 90.21 ps, respectively, and the variances are 238 ps and 24.56 ps,
respectively. The results show that the mean excess delay and rms delay spread
increase with distance and that the rms delay spread in a desktop THz channel
is much smaller than in typical indoor ultra-wideband channels. From power
delay profiles, we have observed that the strong reflections from the transmitter
and receiver electronics are present both in LoS and NLoS environments.
3. Performed statistical analysis of the measured signal amplitude in LoS and
NLoS environments. For both LoS and NLoS propagation environment, it is
found that lognormal distribution provides the best fit.
4. Analyzed the temporal correlation functions for LoS and NLoS environments.
The results show that the correlation function drops below 0.2 after 0.15 ns.
However, if the strong reflected paths are present in the channel, the correlation
function can increase above 0.2 and the signals may get correlated again. This
corresponds to the findings in power delay profile where strong reflected paths
are present in the channel much after the first path has arrived due to reflections
from the transmitter and receiver electronics.
The remainder of the chapter is organized as follows. Section 4.2 describes the
measurement equipment, antennas used in the measurements, and the measurement
sites. Section 4.3 presents the path loss, shadowing, and multipath propagation anal-




The equipment and measurement setup used in this chapter is identical to those
presented in Section 3.3 (Fig. 3).
By recording the frequency dependent scattering parameter S21 for the test signal
frequencies ftest = 10 MHz − 20 GHz at the VNA, the channel transfer function at
f = 300GHz + ftest is measured. The maximum allowable input power is 0 dBm
(1 mW) which allows for communication at the maximum distances of about 1 m
without additional optical lenses. Although propagation loss at terahertz frequencies
is significant, high antenna gains would be sufficient to compensate for most of that
loss and allow for longer distances. However, the loss in the transceiver is very high
and antenna gain barely compensates for the losses in the system. To illustrate the
transceiver losses, Fig. 9 shows the transfer function S21 of the system when the
transmitter (Tx) and the receiver (Rx) are directly connected (without antennas).
Since the system calibration could only be performed at the input and the output of
the mixers, additional de-embedding is performed by correcting the amplitude of the
measured transfer function for the losses in the transceiver.
The full available bandwidth of 19.99 GHz is used in all measurements which
provides the spatial and temporal resolution of 1.5 cm or 0.05 ns. The start frequency
is bound to a minimum of 10 MHz by the VNA and the stop frequency could not
exceed the system limitations of 20 GHz. Due to input power restrictions of the
mixers, a test signal with a power of −10 dBm is used, providing a dynamic range
of approximately 90 dB for the chosen intermediate frequency filter bandwidth of
∆IF = 20 kHz. The number of sweep points is set to 801, and the maximum excess
delay is 40 ns. All measurement parameters are summarized in Table 2.
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Figure 9: Amplitude response of the 300 GHz measurement system (without anten-
nas).
Table 2: Measurement Parameters.
Parameter Symbol Value 
Measurement points N 801 
Intermediate frequency bandwidth 
IFfD  20 kHz 
Average noise floor 
NP  -100 dBm 
Input signal power 
inP  -10 dBm 
Start frequency 
startf  10 MHz 
Stop frequency 
stopf  20 GHz 
Bandwidth B  19.99 GHz 
Time domain resolution tD  0.05 ns 
Maximum excess delay 
mt  
40 ns 
4.2.2 Antenna Characteristics and Site Description
For this measurement campaign, two horn antennas with 26 dBi gain are used. Both
antennas are vertically polarized and mounted about 1.5 cm above the ground. The
theoretical half power beam-widths (HPBW) are about 10◦ in azimuth and elevation.
The measured return loss of the horn antenna used in the measurements is shown in
Fig. 10. We can observe that the antenna has S11 lower than −10 dB in the range
300− 320 GHz. In the further analysis, the antennas are considered to be part of the
40
transfer function.















Figure 10: Measured S11 of the horn antenna as a function of frequency.
Typical line-of-sight (LoS) communication between devices on a desktop can be
expected to operate at distances between 5 cm and 70 cm. Hence, in the first mea-
surement scenario, we have collected channel transfer functions in this range of dis-
tances using the measurement setup shown in Fig. 11 (a) at the locations shown in
Fig. 11 (b). The module spacing has been varied by moving the Rx and keeping the
Tx fixed.
The second measurement scenario tests non-line-of-sight (NLoS) type of commu-
nication shown in Fig. 11 (c). The Tx and the Rx are positioned orthogonal to each
other (i.e., the Tx antenna is parallel with y-axis and the Rx antenna is parallel with
x-axis) with the equal distances from the Tx antenna to the center of the table and
from the center of the table to the Rx antenna. These distances were 21.25 cm, i.e.,
the diagonal distance between the Tx and Rx antennas was d = 30 cm. Three types
of material, FR4, metal, and plastic are placed at 45◦ degree between the Tx and the
Rx, as shown in Fig. 11 (d). Note that the different materials used as obstacles have













Figure 11: (a) Measurement setup for LoS channel characterization; (b) Measurement
setup for NLoS channel characterization.
antennas, so the only possible way for communication is via diffraction or reflection.
The transfer function is recorded before different materials are placed between
the Tx and the Rx and the S21 was near the noise level indicating that there is not
communication between the Tx and the Rx. By using different objects to diffract the
signal, communication was successfully established and the next section discusses the
obtained results.
4.3 Statistical Characterization of the 300 GHz Channel
Site-specific prediction requires detailed knowledge of the propagation environments.
When such information is not available, statistical models can be used to describe
general channel properties which are useful for system design or for algorithm testing.
Note that statistical characteristics of the measured channel will be dependent on
antennas and their locations. This section presents the key statistical parameters
extracted from all collected measurements.
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4.3.1 Path Loss and Shadowing
We refer to measured path loss, PL, as the transmit power, Pt, multiplied by the






The measured path loss is compared with the theoretical free-space path loss, P̃L,
calculated with Eq. (21)
The mean of measured path loss, PL, is obtained by averaging a swept continuous








|H(fi, tj, d)|2, (30)
where H(fi, tj , d) is the measured complex frequency response data matrix, N is the
number of observed frequencies, M is the number of frequency-response snapshots
over time, and d is the T-R separation distance in meters.
In the first measurement scenario, LoS communication between devices on a desk-
top is tested in a measurement setup shown in Fig. 11 (a). In these experiments,
the number of observed frequencies was N = 801, the number of frequency-response
snapshots over time was M = 10 (scatter plot in Fig. 14 shows that this is sufficient),
and the distances were varied from 5 cm to 70 cm with step of 5 cm.
Figure 12 shows the measured path loss as a function of frequency for several dis-
tances between the Tx and the Rx, when the losses in the transceiver are not removed
from the measured transfer function. We can observe that the path loss significantly
increases with frequency and does not follow the path loss predicted by the Friis
equation in (22). The reason for this discrepancy is the frequency dependent transfer
function of the transceiver shown in Figure 9. When the additional de-embedding
is performed, by correcting the amplitude of the measured transfer function for the
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Figure 12: Measured and theoretical path loss as a function of frequency in LoS
environment.
losses in the transceiver, better match is observed between the measured and theoret-
ical path loss, as shown in Fig. 13. However, the path loss variation observed across
the frequencies indicates that channel equalization across such a wide frequency range
is not a straight forward task. In the remaining of the thesis, we will use de-embedded
results to capture the true nature of the propagation environment.
Figure 14 shows the scatter plot of the path loss as a function of transmitter-
receiver (T-R) separation on a desktop for an LoS environment. We can observe that
except for 5 cm distance, the variation between different frequency-response snapshots
over time is minimal. This is because there are no temporal or spatial variations
nor additional clutter in the channel that would cause significant variations in the
measured path loss. The variations in path loss at 5 cm or shorter distances are due
to difficulty to achieve very precise alignment between two antennas. Note that this
finding is significantly different from typical indoor measurements, where path loss
significantly varies around the mean value. This finding leads us to conclude that
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Figure 13: Deembeded measured and theoretical path loss as a function of frequency
in LoS environment.
the number of frequency-response snapshots over time does not have to be large and
we have found that 10 measurements are sufficient to capture all temporal variations
in the signal. However, we still observe some shadowing in our measurements. This
is caused by small variations in alignment between the Tx and Rx antenna. While
this may not be a traditional shadowing process, it is a random process that causes
variations of the received power at a given distance, as shown in Fig. 15.
To estimate the path-loss model parameters γ and σ(dB) in (3), we have performed
the least-squares linear regression fitting through the scatter of measured path loss
points in decibels such that the root-mean square deviation of path loss points about
the regression line is minimized. The model parameters and standard deviations are
estimated for the 20 GHz frequency bandwidth, as well as for 2.5 GHz bandwidth
starting at f = {300, 305, 310, 315} GHz, respectively. The reference distance is d0 =
1 m and the free-space path loss at the reference distance d0 is PL(d0) = 81.97 dB.
The results are summarized in Table 3 and the fitting of the path loss scatter plot
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Separation between Transmitter and Receiver [cm]
Figure 14: Scatter plot of the path loss versus T-R separation in LoS environment.
is shown in Fig. 14. The results show that the path loss exponent is around 1.9 and
the variations due to shadowing are similar across different frequencies and different
bandwidths. To confirm that shadowing can be modelled as a zero-mean Gaussian
distributed random variable, we have compared the measured distribution of shadow
fading with the Gaussian distribution in Fig. 15.
Table 3: Path Loss Parameters.
  LoS Propagation   
Frequency [GHz] Path loss exponent γ Standard deviation Variance σ[dB] Standard deviation 
300-320 1.927 0.058 0.67 0.173 
300-302.5 1.916 0.045 0.67 0.17 
305-307.5 1.886 0.06 0.715 0.185 
310-312.5 1.93 0.061 0.737 0.19 
315-317.5 1.95 0.056 0.71 0.18 
 
The second measurement scenario assumes NLoS type of propagation. The num-
ber of observed frequencies was N = 801 and the number of frequency-response
snapshots over time was M = 10. The Tx and the Rx are positioned orthogonal
to each other with the diagonal distance between them set to d = 30 cm. FR4,
metal, and plastic are placed at 45◦ degree between the Tx and the Rx, as shown in
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Figure 15: Confirming the log-normality of shadow fading in LoS environment.
Fig. 11 (b). Figure 16 compares the measured path loss as a function of frequency
for signals diffracted by FR4, metal, and a plastic material with the theoretical free-
space path loss. We can observe that the path loss of signals reflected from FR4 and
plastic are oscillating around the theoretical free-space path loss. However, signals
reflected from metal have additional 5 dB of loss. We have found that metal objects
in the propagation path cause multiple strong reflections which is probably leading
to higher path loss.
4.3.2 Multipath Characterization
Multipath propagation is the propagation mechanism manifested when the transmit-
ted signal reaches the receive antenna along two or more paths. Such waves typically
arrive at the receiver from many different directions and with different delays, and
combine vectorially at the receiver antenna. Such channel impulse response can be
characterized as [108]
h(t, τ, d) =
L∑
k=1
ak(t, d) exp(jθk(t, d))δ(t− τk), (31)
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Figure 16: Measured diffracted path loss and theoretical free-space path loss as a
function of frequency.
where N is the number of multipath components, ak represents the amplitude of the
kth multipath component, θk is the associated phase, and τk is the excess delay of the
kth path relative to the first arrival, and δ(·) denotes the Dirac delta function.
An estimate of the channel impulse response is made by taking the inverse discrete
Fourier transform (IDFT) of the measured frequency response. The impulse response
is then normalized such that the area under the squared magnitude of the power-delay
response is equal to one. We refer to a normalized squared magnitude of the impulse
response as the multipath intensity profile (MIP) at the single point in space. The
noise floor of the MIP is set to 10 dB above the average receiver noise floor. Part of
the MIP characterization is based on root mean square (rms) delay spread τrms, which
is a measure of multipath spread within the channel. It is an important parameter
for characterizing time dispersion or frequency selectivity. It is the square root of the





(τk − τm)2|h(t, τk, d)|2, (32)
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τk · |h(t, τk, d)|2. (33)
For an LoS environment, Fig. 17 shows that the rms delay spread is normally dis-
tributed over all distances. The threshold level in decibels was chosen to be −30 dB
from the maximum received power because approximately 99% of the power is cap-
tured with this threshold. The mean values of τrms and τm are 428.4 ps and 90.21 ps,
respectively, and the variances are 238 ps and 24.56 ps, respectively. Figure 18 shows
the path loss versus rms delay spread. The mean τrms and the mean path loss were
obtained by averaging over 10 measured channel impulse responses. Note that similar
results are obtained when averaging over 500 measured channel impulse responses.
The results indicate an increase in τrms with increasing path loss. This is an an-
ticipated result, since the paths with longer delays have also larger path loss values
associated with them. Finally, the rms delay spread, the mean excess delay, the max-
imum excess delay, and the coherence bandwidth (Bc = 1/(2 · π · τrms)) are compared
for different distances. A summary of these results is given in Table 4. The results
show that the mean excess delay and rms delay spread increase with distance as ex-
pected. Furthermore, the results show that the rms delay spread in the desktop THz
channel is much smaller than in typical indoor ultra-wideband channels. Finally, the
results show that the coherence bandwidth significantly reduces with distance. For
distances of 5 cm or shorter, the whole 20 GHz bandwidth can be used as a narrow-
band channel. However, for longer distances, the coherence bandwidth reduces to a
couple hundred of megahertz.
For an NLoS environment, the rms delay spread, the mean excess delay, the maxi-
mum excess delay, and the coherence bandwidth are compared for different materials.
A summary of these results is given in Table 5. Here, the threshold level in decibels
was chosen to be −35 dB from the maximum received power. For plastic and FR4,
98.5% of the power was captured with this threshold, while for metal, 96.9% of the
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Figure 17: Cumulative distribution function of rms delay spread in LoS environment.
Table 4: Mean Excess Delay, RMS Delay Spread, Maximum Excess Delay, and Co-
herence Bandwidth for Different T-R Spacings.
Distance [cm] 
mt [ps] rmst [ps] maxt [ns] cB [GHz] 
5 50.76 4.35 0.1 36.6 
15 63.73 127.79 1.45 1.24 
25 74.61 215.05 2.15 0.74 
35 100.44 326.01 2.75 0.488 
45 123.05 365.69 3.9 0.435 
55 158.39 424.15 4.2 0.375 
65 176.46 484.94 4.65 0.328 
power was captured with this threshold. The results show that diffraction of metal
has slightly higher coherence bandwidth than diffraction of FR4 and plastic. Fur-
thermore, we can observe that the mean excess delay, the maximum excess delay, and
the coherence bandwidth for these three materials is comparable with those of LoS
propagation with the T-R spacing of 25 cm – 30 cm.
Here, we also calculate the power delay profile (PDP) by averaging the magni-
tude squared of the channel impulse response over the number of frequency-response
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Figure 18: Path loss versus rms delay spread in LoS environment.
Table 5: Mean Excess Delay, and RMS Delay Spread for Different Diffraction Mate-
rials.
Material 
mt [ps] rmst [ps] maxt [ns] cB [GHz] 
FR4 70.53 210 2.65 0.757 
Metal 67.07 187 2.5 0.85 







|h(tk, τ, d)|2, (34)
where tk is the fixed observation instant of the k
th frequency-response snapshots and
M is the total number of frequency-response snapshots.
For an LoS propagation environment, power delay profiles for distances d = {10,
15, 20, 40, 70 cm} between the Tx and the Rx are shown in Fig. 19. The significant
part of the PDP is determined by discarding all parts that are more than 35 dB
down from the strongest path, because approximately 99.5% of the power is captured
with this threshold. The results show that in addition to the direct path, there is an
additional strong reflection component. From the time of arrival, we can conclude that
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this reflection is from the signal that was once reflected from the Rx electronics, then
reflected from the Tx electronics and then received at the Rx. This conclusion is also
verified experimentally by putting absorbers around the Tx and Rx antennas, blocking
the paths toward the electronics. We have observed that the strong reflections would
disappear from the power delay profile. This is an interesting observation that opens
up the question of putting the absorbers around the antennas. We choose not to use
the absorbers, because in practice, even if we manage to perfectly shield the Tx and
Rx electronics, there might be objects in the vicinity or behind the Tx or Rx that
can create similar propagation effects. This result also explains somewhat large rms
delay spreads in Table 4.







































Figure 19: Normalized power delay profile in LoS propagation environment.
For an NLoS propagation environment, Figure 20 compares the normalized power
delay profile of signals diffracted from FR4, metal, and plastic. The diagonal sepa-
ration between the Tx and Rx antennas was 30 cm. The results show that there is a
diffracted path, and somewhat surprisingly, there are several strong reflected paths.
By examining the time of arrival, we have found that these reflections are multi-
ple reflections from the Rx and Tx electronics. Furthermore, we can observe that
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diffractions and reflections from metal have stronger multipath components and keep
arriving with power higher than −40 dB for more than 7ns. This indicates that if rich
multipath is present in the channel, there will be large number of paths arriving with
significant amount of energy which would require sophisticated channel equalization
schemes.










 Power Delay Profile, diffraction of FR4, at d=30cm, angle=45
0
 Power Delay Profile, diffraction of metal, at d=30cm, angle=45
0



























Figure 20: Normalized power delay profile in NLOS propagation environment.
To test the statistical behavior of measured channel amplitudes, the amplitude of
each channel impulse response bin is fitted into several different distributions using
the best fit procedure. It was difficult to visually make a conclusion as to which dis-
tribution is the best fit, so our conclusions are based on the maximum log-likelihood
test and sum of squares due to errors (SSE) test. Five distributions are used to fit
the measured data, including Gaussian, lognormal, Nakagami, Ricean, and Weibull
distributions. For the LoS measurement scenario, we have tested statistical properties
of the amplitude at distances ranging from 5 cm to 70 cm. For all tested amplitudes,
the closest fit is observed between the measured data and a lognormal distribution.
To illustrate these results, Figure 21 compares the inverse cumulative distribution
function (i.e., quantile plot) of the measured received amplitude of the first bin at the
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distance d = 70 cm with the inverse cumulative distributions of the Gaussian, lognor-
mal, Ricean, Nakagami, and Weibull distributions. The results in Fig. 21 show that
the best fit is between the measured amplitude and the lognormal distribution, which
is further verified by having the highest log-likelihood. Similar statistical analysis is
performed for the NLoS type of propagation where the distance between the Tx and
the Rx was 30 cm. Similarly, the best fit is observed between the measured data and
the lognormal distribution.




















Figure 21: Theoretical and empirical inverse cumulative distribution functions of
a1(t, d) in LoS propagation environment.
Finally, we also analyze the temporal correlation function in the LoS and NLoS
propagation environments. The normalized temporal correlation function is calcu-
lated as
R(τ) =
E [h(t)h(t + τ)∗]√
E[|h(t)|2]E[|h(t)|2]
, (35)
where (·)∗ denotes the complex conjugate operation and E[·] is the statistical expec-
tation operator.
Figure 22 shows the temporal correlation function in an LoS environment for
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distances d = {5, 10, 40} cm between the Tx and the Rx. The results show that corre-
lation function drops below 0.2 after 0.15 ns for all tested distances. Figure 23 shows
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Time lag t [ns]
Figure 22: Normalized temporal correlation function in LOS propagation environ-
ment.
the temporal correlation function in the NLoS environment where signals are reflected
of FR4, plastic and metal. The results show that similar to the LoS environment, the
correlation function drops below 0.2 after 0.15 ns. However, if the strong reflected
paths are present in the channel, the correlation function can increase above 0.2 and
the signals may get correlated again. This corresponds to the findings in power delay
profile where strong reflected paths are present in the channel much after the first
path has arrived.
4.4 Summary
This chapter presented measurements and statistical characterization of 300 – 320 GHz
desktop channels. The measurements were performed in LoS and NLoS environments.
From the large set of LoS measured data, the parameters for single-slope path loss
model with shadowing were devised. The results show that the path loss exponent is
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Figure 23: Normalized temporal correlation function in NLOS propagation environ-
ment.
around 1.9 and the variations due to shadowing are similar across different frequen-
cies and different bandwidths. Furthermore, the impact of different materials on the
path loss is studied in an NLoS environment. We have found that metal objects in
the propagation path cause multiple strong reflections leading to higher path loss.
Furthermore, the statistical analysis of multipath propagation is performed. We have
calculated the rms delay spread, the mean excess delay, the maximum excess delay,
and the coherence bandwidth for LoS and NLoS environments. The results show
that the mean excess delay and rms delay spread increase with distance and that
the rms delay spread in desktop THz channel is much smaller than in typical indoor
ultra-wideband channels. In addition, the power delay profiles for LoS and NLoS
environments are analyzed. We have found strong reflections from the transmitter
and receiver electronics present both in LoS and NLoS environments. Finally, the
statistical analysis of the measured signal amplitude in LoS and NLoS environments
is performed. For both LoS and NLoS propagation environments, it is found that a
lognormal distribution provides the best fit.
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CHAPTER V
D-BAND CHANNEL MEASUREMENTS AND
CHARACTERIZATION FOR INDOOR APPLICATIONS
5.1 Overview
While 60 GHz communications have limited bandwidth, 300 GHz channels are limited
in range. As an alternative, the 60 GHz of spectrum between 110 GHz and 170 GHz,
or the D-band frequencies, offers sufficient bandwidth and range required for ultra-
fast and ultra-wideband data transmissions [110]. This frequency band is currently
unregulated, and is typically used for atmospheric applications. However, its large
bandwidth paired with high-speed wireless links also has the potential for precision
positioning and velocity sensors [111], passive mm-wave cameras [112], and short-
and medium-range Tbps wireless links. While D-band has been extensively used for
microwave atmospheric sounding (e.g., [36]), to the best of the author’s knowledge,
no indoor D-band channel characterization based on measurements has been reported
in the open literature. Although channel characterization at 120 GHz for an indoor
office scenario has been reported in [37], this work only presents ray-tracing simulation
results, where reflection is considered as the sole propagation mechanism, and the
results are presented for a single frequency in D-band. While atmospheric absorption
is the main focus of microwave atmospheric sounding, this loss plays a minor role
in indoor propagation. Reflections, diffraction, and scattering are more prevalent
propagation mechanisms in indoor D-band channels.
For a more complete characterization of D-band channels, characterization of path
loss and multipath parameters in the entire spectrum of 60 GHz in LoS, Obstructed-
Line-of-Sight (OLoS), and Reflected Non-Line-of-Sight (RNLoS) environments have
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been performed. Furthermore, diffraction of D-band waves when obstructed by com-
mon objects of cylindrical shape (e.g., glasses, mugs) has been modelled with the
Uniform Geometrical Theory of Diffraction (UTD) in desktop OLoS environments.
The remainder of this chapter is organized as follows: Section 5.2 describes the
measurement equipment, antennas used in the measurements, and the measurement
setup. Section 6.3.1 presents the path loss, shadowing, and multipath propagation
analysis of LoS measured data. Section 5.4 presents the path loss, shadowing, and
multipath propagation analysis of OLoS measured data, while Section 5.5 presents the
path loss and multipath propagation analysis of RNLoS measured data. Section 5.6
shows UTD modelling of diffraction loss caused by the cylinder obstruction in OLoS
scenarios, and finally, Section 5.7 provides some concluding remarks.
5.2 Measurement Setup
5.2.1 Equipment
The block diagram of the D-band measurement setup is shown in Fig. 24. The Agilent
Figure 24: The 110–170 GHz measurement setup.
E8361C vector network analyzer is used for all measurements. The E8361C has a
frequency range up to 67 GHz, therefore the N5260A (mm-Wave Controller) and OML
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V06VNA2 (mm-Wave Test Head modules) are used to extend the range to the D-
band (110 GHz–170 GHz). The N5260A mm-wave controller provides radio frequency
(RF) and local oscillator (LO) signals to the mm-wave test head modules and returns
the down-converted reference and test IF signals to the VNA for process and display.
The OML V06VNA2 frequency extension module has an LO multiplication factor of
10, which up-converts the input LO frequency from 11 to 17 GHz, supplied by the
mm-wave controller, to the D-band (110 to 170 GHz).
The full available bandwidth of 60 GHz is used in all measurements which provides
the spatial and temporal resolution of 5 mm or 0.0167 ns. Due to input power
restrictions of the mixers, a test signal with a power of 0 dBm is used, providing a
dynamic range of approximately 90 dB for the chosen intermediate frequency filter
bandwidth of ∆IF = 100 Hz. The number of sweep points is set to 801, and the
maximum excess delay is 13 ns. All measurement parameters are summarized in
Table 6.
Table 6: Measurement parameters.
Parameter Symbol Value
Measurement points N 801
Intermediate frequency bandwidth f 100 Hz
Average noise floor P -85 dBm
Input signal power P 0 dBm
Start frequency f 110 GHz
Stop frequency f 170 GHz
Bandwidth B 60 GHz
Time domain resolution t 0.0167 ns
Maximum excess delay 13 ns
5.2.2 Antenna Characteristics
The antenna used in the measurement is a pyramidal horn with gain that varies from
22 to 23 dBi from 110 GHz to 170 GHz, respectively. Both Tx and Rx antennas are
vertically polarized and have theoretical half-power beamwidths (HPBW) of 12◦ and
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13.5◦ in E-plane and H-plane, respectively, at 110 GHz. The E-plane and H-plane


































Figure 25: Reflection coefficient and gain of the horn antenna used in measurements.
beamwidths also decrease to 9◦ and 12◦, respectively, towards higher frequencies. Fur-
thermore, antennas have side-lobes that are at least 25 dB below the main beam and
all possible reflectors on the sides of the channel have been covered with absorbers
as shown in Fig. 26, to ensure that any paths resulting from the side-lobes are sup-
pressed. The measured S11 and the frequency-dependent gain of the horn antenna
are presented in Fig. 25. Note that the return loss shown here includes the reflections
at the interfaces between cable and test head as well as test head and the antenna
due to mismatches between them. Nevertheless, we can observe that the S11 is below
−25 dB across the entire bandwidth. In further analysis, antennas are considered
to be part of the channel impulse response, which is typically the case in wireless
communication applications.
5.2.3 Measurement Scenarios
In this measurement campaign, three different scenarios have been considered: the
LoS scenario shown in Fig. 26(a), an OLoS scenario shown in Fig. 26(b), and a




Figure 26: Photographs of measurement scenarios: (a) LoS; (b) OLoS, glass as ob-
struction; (c) Reflected NLoS, aluminum plate as reflector.
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Considering the short-range of D-band applications, the Tx-Rx separation dis-
tance, d, shown in Fig. 24, has been varied from 35.56 cm (14”) to 86.36 cm (34”)
in 5.08 cm (2”) increments, giving a total of 11 different distances for LoS scenario.
Furthermore, to mitigate the reflections from the ground and the metallic transceiver
cases, the Tx and Rx test heads have been placed on top of a supporting plastic con-
tainer, and all possible reflecting surfaces, including the ground, the equipment rack
cabinet, and the front faces of the test heads, have been covered with absorbers as
shown in Fig. 26(a). For the OLoS scenario, obstructions of circular cylinder shape,
i.e., cups, have been used as typical objects present on desk tops. To study the impact
of different materials on propagation in D-band, three different types of material, i.e.,
glass, plastic (Polystyrene), and ceramic have been considered. The same 11 Tx-Rx
separations as in the LoS scenario have been used for the OLoS scenario. Each ob-
struction is placed such that the cylinder’s center coincides with the midpoint of the
separation distance, and its top edge is 3.5 cm above the LoS path. Furthermore,
to investigate the effect of obstruction height on path loss, we have varied the posi-
tions of the top rim of the cylinders, or h in Fig. 24, from 14.3 cm to 21.9 cm. The
obstruction height has been varied by having a different number of Styrofoam pads
(which have been tested to cause minimal reflections at the frequencies of interest)
underneath the cylinder obstruction, as shown in Fig. 24. Note that the centers of
the horn antennas are located 20.6 cm above the table. Finally, in the reflected NLoS
scenario, we use reflection as the main mechanism of wave propagation. Two types of
reflecting surfaces, aluminum plate and fiberboard, having different reflectivity and
surface roughness, have been used. Furthermore, by varying the angular position of
the Rx, while keeping the Tx position fixed, the range of Rx angular offsets at which
the receiver can detect the reflected signal is studied. For RNLoS, the LoS separation
distance was fixed to 76.2 cm.
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5.3 Characterization of D-band LoS Channel
5.3.1 LoS Path Loss and Shadowing
Figure 27 compares the measured path loss with the theoretical path loss calculated
using Eq. (21). We plot only five out of 11 separation distances to avoid clutter. We
can observe that the measured path loss curves very closely follow the theoretical
lines. The oscillations observed in the path loss curves have been found to be a result
of multiple reflections between the front faces of the Tx and Rx test heads. Although
they were covered with a layer of absorbing material, as shown in Fig. 26(a), it was
apparently not thick enough to completely mitigate the reflections. This resulted in
the constructive and destructive interference between the direct and reflected rays,
which led to the oscillation in the measured S21.
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Figure 27: Measured and theoretical path loss for 5 separation distances.
Figure 28 shows the scatter plot of the mean path loss as a function of transmitter-
receiver (T-R) separation on a desktop for a LoS environment. We can observe that
the variation between different frequency-response snapshots over time is minimal.
This is because there are no temporal or spatial variations nor additional clutter in the
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channel that would cause significant variations in the measured path loss. Note that
this finding is significantly different from typical indoor measurements, where path
loss significantly varies around the mean value. This finding leads us to conclude that
the number of frequency-response snapshots over time does not have to be large and
we have found that 10 measurements are sufficient to capture all temporal variations
in the signal.
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Figure 28: The scatter plot of the LoS path loss.
The path loss exponent obtained from the measured results is around 1.97 and the
variations due to shadowing are around σ = 0.12 dB. The reference distance is d0 =
1 m and the free-space path loss at the reference distance d0 is PL(d0) = 75.19 dB.
To confirm that shadowing can be modelled as a zero-mean Gaussian distributed
random variable, Fig. 29 compares the measured distribution of shadow fading with
the Gaussian distribution. This shadowing is due to misalignment between the Tx
and Rx antennas. While this may not be a conventional shadowing process, it is still
a random process that causes variations of received power at a given distance.
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Figure 29: Confirming the log-normality of the shadow fading caused by variations
in T-R alignment in LoS environment.
5.3.2 LoS Multipath Characterization
The rms delay spread, found with Eq. (4.3.2), mean excess delay, and the coherence
bandwidth (Bc = 1/(2 · π · τrms)) for three separation distances with and without the
absorbers are presented in Table 7. It is observed that the coherence bandwidths
have almost doubled, or even tripled, when the absorbers are in place.
Table 7: Mean excess delay, RMS delay spread, and coherence bandwidth for different
T-R separation distances.
d [cm]
Without Absorbers With Absorbers
m [ps] rms [ps] Bc [GHz] m [ps] rms [ps] Bc [GHz]
35.56 17.18 32.12 4.95 16.92 12.00 13.26
55.88 17.08 30.50 5.22 16.95 12.84 12.40
76.2 17.04 31.28 5.09 16.87 10.03 15.87
For the distance of 35.56 cm, the delay spread, τrms, is expected to be lower,
or equivalently, the coherence bandwidth is expected to be higher than that of the
76.20 cm, but the opposite is observed in Table 7. This is because the distance of
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Figure 30: Normalized power delay profiles for the 3 separation distances (a) without
and (b) with absorbers.
35.56 cm is short enough for the second reflected path to be captured within the
maximum excess delay of 6.67 ns. This detection of an extra reflected signal results
in the increase in the delay spread, which leads to the decrease in the coherence
bandwidth. When the absorbers are used to cover the Tx/Rx test head’s front face,
we can observe that, while the reflections are almost completely removed for 76.20 cm,
there are still some weak reflections observed for 35.56 cm. This has again resulted
in a slightly narrower coherence bandwidth for 35.56 cm then that for 76.20 cm. The
power delay profiles (PDP) of the 3 separation distances in LoS environment with and
without the absorbers that cover the Tx and Rx test heads are shown in Figs. 30(a)
and 30(b). Note that all PDP’s are normalized, and referenced to the path supporting
the first incoming signal. We can observe that the later arriving signals caused by
reflections off the metallic test head cases can be attenuated using the absorbers.
It is also observed that the reflected paths have increasing excess delay, more delay
spread, and decreasing signal power with increasing T-R separation as they travel
further distances with more power spreading. In summary, the unwanted reflections
from the transceiver electronics will have a profound impact on the channel, and
attenuating these reflected signals below certain threshold could be an important
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issue when building the transceiver systems.
5.4 Characterization of D-band OLoS Channel
5.4.1 OLoS Path Loss and Shadowing
The obstructed line-of-sight (OLoS) environment is created by placing a glass beaker,
a plastic cup, and a ceramic mug in the midpoint of the separation distance, with its
top edge 3.5 cm above the LoS path. The measured path losses for these three scenar-
ios and three different separation distances are presented in Figs. 31(a), 31(c), 31(e),
respectively. The measured results are compared with the free-space theoretical path
loss obtained using Eq. (20). The plots show that the measured path loss is much
higher than the free-space path loss, which is an expected result since the OLoS has
higher losses due to obstructions in LoS. Furthermore, we can observe that the plastic
cup introduces the least amount of attenuation compared to free-space path loss and
that the variation of path loss across frequencies is minimal. The glass beaker intro-
duces higher attenuation and as the distance increases, the path loss variations as the
function of frequency become more pronounced. Finally, the ceramic mug introduces
the highest attenuation and the path loss variations as the function of frequency be-
come dominant. We can observe that ceramic material introduces similar attenuation
as a glass at lower frequencies, i.e., 110 GHz− 130 GHz, but then the loss increases
to over 100 dB in the range of 140 GHz − 160 GHz. We can also observe that the
maximum of the path loss changes with the separation between the Tx and Rx.
Figures 31(b), 31(d), and 31(f) show the scatter plot of the path loss as a function
of transmitter-receiver (T-R) separation for glass, plastic, and ceramic OLoS environ-
ments, respectively. All 11 distances are used for the scatter plot to obtain the best
linear regression fit. As in the LoS case, there are minimal discrepancies among 10
consecutive measurements because the channel is quasi-static with no moving objects
in the environment.
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Figure 31: Measured path losses in OLoS environment as a function of frequency (left
column) and of distance (right column), where the obstructions are (a),(b) a glass
beaker, (c),(d) a plastic cup, and (e),(f) a ceramic mug.
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1.3418 dB 0.3757 dB 1.3746 dB
Path Loss at d0=1m, PL0 84.88 dB 77.32 dB 87.94 dB
To estimate the path-loss model parameters γ and σ(dB) in Eq. (3), we have
performed a least-squares linear regression fitting through the scatter of measured
path loss points and the results are shown in Figs. 31(b), 31(d), and 31(f) for glass,
plastic, and ceramic, respectively. The path loss exponents (γ), standard deviations
(σ), and the path losses at reference distance, 1 m, (PL0) for all three obstruction
materials are summarized in Table 8. We can observe that the path loss exponent
for the plastic cup is the closest to the LoS path loss exponent value of 1.96, which is
not surprising since plastic is very transparent at D-band frequencies. For glass and
ceramic, due to the considerable blockage of the LoS path, the path loss exponents
have increased above the free-space value of 2. In OLoS scenarios, shadow fading
becomes more dominant because of the presence of obstructions. To confirm that
shadowing can be modelled as a zero-mean Gaussian distributed random variable,
we have compared the measured distribution of shadow fading with the Gaussian
distribution in Fig. 32. Table 8 shows that standard deviation around the mean path
loss is the smallest with the plastic obstruction and similar (but much higher) for
glass and ceramic obstructions.
Figure 33 shows the variation in OLoS path loss with varying height of the obstruc-
tion, while the T-R separation is fixed at 86.36 cm. As described in Section 5.2.3, the
LoS is 20.6 cm above the table, while h is varied from 14.3 cm to 21.9 cm. In Fig. 33,
we can see that the path loss closely follows the theoretical free-space path loss curve
when the LoS path is clear of obstruction, which corresponds to h = 14.3 cm in the
figure. One interesting observation here is that the path loss curve for h = 18 cm is
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Figure 32: Zero-mean Gaussian distributed shadow fading and measured shadow
fading for OLoS scenarios: (a) glass beaker; (b) plastic cup; (c) ceramic mug.
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Figure 33: Variation in path loss with varying height of the ceramic mug obstruction.
about 2 dB below the free-space curve. Geometrical optics simulations reveal that
the ceramic mug height of 18 cm at separation distance of 86.36 cm places the top
rim of the mug on the boundary of the beam. This results in the second ray that
reflects off the mug’s top edge, which combines vectorially with the first LoS path,
leading to a slight gain in the received power, and therefore slightly lower path loss
than predicted by Eq. (20). On the other hand, as h increases, or as the mug ob-
structs more of the LoS path, it is observed that the path loss increases and becomes
more frequency-dependent with higher peaks. For this case, our experimental results
and an application of the Uniform Geometrical Theory of Diffraction (UTD) have re-
vealed the presence of diffraction at the convex surface of the cylindrical obstruction.
The creeping waves, or the surface-diffracted rays that travel around the cylinder in
clock-wise and counter-clock-wise directions and their interference seem to be causing
the variation in the measured S21. Further characterization of this particular OLoS
channel is one of our main future works.
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5.4.2 OLoS Multipath Characterization
Figure 34 plots the power delay profiles for three obstructions: glass, plastic, and ce-
ramics, respectively. We can observe that all three PDPs have two distinct segments:
one where the reflection peak appears at the same time delay regardless of the T-R
separation distance (shown as 1 in the figures), followed by the reflection peaks whose
positions depend on the T-R separation distance (shown as 2 in the figures). Here
we note that the difference between the first and the second arriving path is always
equal to twice the cup diameter, regardless of the T-R separation distance, which
explains why the multipath marked as 1 appears at the same excess delay for all
distances. Furthermore, from the excess delay that corresponds to the first multipath
(marked as 1 in the figures), we can conclude that this multipath corresponds to a
ray that penetrated the cup, reflected off the wall closer to the Rx, reflected off the
wall closer to the Tx and travelled outside the cup to the Rx. Although the higher
order of reflections might be present, the receiver sensitivity is not high enough to
detect them.
From Fig. 34, we can observe that the PDP for the plastic cup has weaker reflected
paths compared to the glass and ceramic mugs because most of the energy goes
through the plastics and does not stay trapped inside the obstruction. Furthermore,
we can observe that the PDP for the ceramic mug has significant reflections only at
the distance of 35.56 cm, whereas for 45.72 cm and 55.88 cm, it is difficult to identify
them because the reflections are significantly attenuated due to material properties.
In the PDP section marked as 2 in Figs. 34(a), 34(b), and 34(c), we can observe
that the position of the multipath peak depends on the T-R separation. From the
excess delay that corresponds to the second multipath, we can deduce that the signal
has travelled through the obstruction, was reflected from the Rx probe head, was
reflected once more off the obstruction and then received by the receiver antenna.
Alternatively, the signal was reflected off the obstruction, then reflected back from
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Figure 34: Power delay profiles for OLoS scenarios: (a) glass beaker; (b) plastic cup;
(c) ceramic mug.
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the Tx probe head, and then travelled through the obstruction to the receiver.
Note that the width of the main peak (first arriving path) is the widest for the
ceramic mug, which is followed by the glass beaker and plastic cup, as observed in
Fig. 34. This indicates that the ratio of the power associated with the strongest
first arriving path to that of the following reflected paths is the highest for plastic,
while the ratio is the lowest for ceramic. This agrees with the fact that glass is the
most transparent to the waves, allowing most of the transmitted rays to pass through
without multiple reflections. For ceramics, on the other hand, the transparency of
the material is much lower than glass, which gives rise to more reflected paths that
arrive with delays that are very close to each other. This high temporal proximity is
manifested as a clustering of the reflected paths, which leads to pulse broadening as
shown in Fig. 34(c).
Table 9: Mean excess delay, RMS delay spread, and coherence bandwidth for different
obstruction materials.
d [cm]



















35.56 18.06 31.90 4.99 17.03 14.52 10.96 22.21 76.60 2.08
55.88 18.31 45.63 3.49 17.42 23.90 6.66 21.48 62.93 2.53
76.2 18.72 57.19 2.78 16.79 10.85 14.68 20.42 54.98 2.89
The multipath characterization parameters, τm, τrms, and Bc, in the OLoS envi-
ronment with the three different obstructions for the three T-R spacings, 35.56 cm,
55.88 cm, and 76.2 cm, are summarized in Table 9. The OLoS channel obstructed by
the plastic cup has the largest coherence bandwidth of almost 11 GHz at 35.56 cm,
which is comparable with that of the LoS environment for the same distance. Mean-
while, much narrower coherence bandwidths below 5 GHz are observed for glass and
ceramic mug obstructions.
74
5.5 Characterization of D-band Reflected NLoS Channel
Another possible way of communication is through reflected NLoS paths. Since the
effectiveness of communication will depend on the reflectivity of the material, here
we compare two different reflectors: aluminum plate and fiberboard. Furthermore,
we investigate the effect of angular orientation of the receiver on the received power
levels. The Tx is fixed at φT = 35
◦, and the Rx is rotated between φR = 0
◦ and
φR = 90
◦. The angles are measured from the direct LoS path. The T-R separation
distance has been fixed at d = 76.2 cm. The measured and theoretical (free-space)
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Figure 35: Measured RNLoS path loss for different Rx angles with aluminum plate,
measured RNLoS path loss with fiberboard, and the theoretical free-space path loss
for d = 76.2 cm.
path loss for several angles φR with aluminum plate and fiberboard as reflectors are
shown in Fig. 35. It is evident from the figure that the level of received power is
closest to the theoretical line-of-sight level when φR = φT = 35
◦, since the condition
φR = φT ensures that the maximum power is transferred through specular reflection.
The slight discrepancy from the LoS level can be attributed to the reflection coefficient
of the aluminum plate. As the receiver angle, φR, deviates from 35
◦, it is observed
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that reception becomes weaker and the path loss significantly increases. At the two
extremes, φ = 0◦ and φ = 90◦, we can observe that the communication is essentially
lost. Furthermore, we can observe that the path loss is higher when the fiberboard is
used as the reflector. This is not surprising result because the fiberboard has lower
reflectivity and higher surface roughness.
The PDP’s for the reflected NLoS channels with aluminum plate and fiberboard
as the reflector for the angular positions, φR = 10
◦ and 35◦ are presented in Fig. 36.
The peaks that coincide at τ = 3.6 ns represent the paths bouncing off the reflector,
while an additional peak at τ = 2.7 ns observed for φR = 10
◦ is a result of the direct
LoS path that arrives before the reflected path. Note that for the same receiver
angle of φR = 35
◦, aluminum plate and fiberboard produce similar PDP’s with a
single reflected path and no higher order reflections due to the high directivity of the
antenna.
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Figure 36: PDP for different Rx angles with aluminum plate and fiberboard as the
reflecting surfaces.
Table 10 presents the mean excess delay, RMS delay spread, and coherence band-
width for several receiver angular positions in RNLoS environment. As expected,
we can observe the largest coherence bandwidth for φR = 35
◦, at which maximum
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Table 10: Mean excess delay, RMS delay spread, and coherence bandwidth for differ-
ent receiver angular positions.
R
Aluminum Plate Cardboard
m [ps] rms [ps] Bc [GHz] m [ps] rms [ps] Bc [GHz]
0º 65.72 312.89 0.51 - - -
10º 89.14 311.20 0.51 - - -
35º 17.07 9.36 17.00 18.18 36.84 4.32
60º 17.17 26.97 5.90 - - -
90º 132.36 678.48 0.23 - - -
power transfer occurs. At the same angle, when the reflecting surface is fiberboard,
the coherence bandwidth is four times smaller. It is also observed that the coherence
bandwidth reduces rapidly as the receiver angle deviates from 35◦, dropping to MHz
range at φR = 90
◦.
5.6 UTD-based Diffraction Loss Modelling
5.6.1 Measurement Scenario
To measure the diffraction loss caused by the cylindrical obstruction in the OLoS
environment, the measurement setup shown in Fig. 26(b) is used, where the cylin-
der obstruction of ceramic mug, initially blocking the LoS, is gradually moved away
from the LoS along a trajectory perpendicular to the LoS in 2 mm increments. The
separation distance between the Tx and Rx test heads is 86.36 cm, and the change in
S21 with respect to that of the LoS is attributed to the effect of diffraction of D-band
waves.
5.6.2 Comparison of Theoretical and Measured Results
Fig. 37(a) shows the projection of the problem onto 2-D Cartesian plane with a cylin-
drical coordinate system. As shown in the figure, sliding the cylindrical obstruction
along a trajectory perpendicular to LoS is equivalent to the displacement of the source,
P , and observation points, S, with the cylinder’s center fixed at the origin. It follows
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Figure 37: Ray components in (a) Shadow Region and (b) Lit Region.
cylinder (i.e., c ≤ b in Fig. 37(a)), S is in the Shadow Region, while, when it is greater
(i.e., c > b), S is in the Lit Region. Applying UTD, in the Shadow Region, there
are two surface-diffracted rays, travelling clock-wise and counter-clock-wise around
the cylinder [113] as shown in Fig. 37(a), and therefore, the total E-field at the ob-
servation point, S0, is determined by the sum of these two rays. In the Lit Region,
on the other hand, the total field at the observation point, Sn, is determined by the
superposition of the direct LoS ray, the reflected ray, and one of the surface-diffracted
ray that travels along the far-side surface of the cylinder as shown in Fig. 37(b). The
details of the mathematics of UTD formulation of each field component is presented
in Appendix A.
Fig. 38 shows how the four field components, namely, the two surface-diffracted
fields, direct incident field, and the reflected field, vary their magnitudes as the cylin-
der obstruction is moved away from LoS, or as c from Fig. 37(a) increases from 0
to 10 cm. Since the mug’s outer radius, b, is 5 cm, the shadow boundary is located
at c = b = 5 cm. In Fig. 38, it is observed that, initially, when the mug is totally
blocking the LoS (c = 0 cm), the two surface-diffracted fields (Ed1 and Ed2) have the
same magnitudes, but as c increases, Ed2 weakens, while Ed1 increases. This is due to
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the fact that the total distance the first surface-diffracted ray travels decreases, while
the second surface-diffracted ray travels increasingly longer distance as the mug offset
increases. It is also observed from Fig. 38 that when c reaches b (c = b = 5 cm), or
the shadow boundary, the observation point now enters the Lit Region, and the first
surface-diffracted ray (Ed1) now becomes the reflected ray (Er) that starts decreasing
with increasing c. Meanwhile, in this lit region, the direct LoS incident field (Ei) is
also present, and the second surface-diffracted field (Ed2) still exists with small ampli-
tude. Note that all field components shown in Fig. 38 are normalized to the incident
LoS field strength. Finally, the calculated diffraction loss is plotted with respect to
the mug offset distance, and compared with the measured one in Fig. 39. It is ob-
served that the UTD modelled diffraction loss for the dielectric cylinder obstruction
at D-band very closely predicts the measurement. The oscillation around 0 dB level
is due to the constructive and destructive interference among the three rays present
in the Lit Region, namely, the incident, reflected, and surface-diffracted rays as il-
lustrated in Fig. 37(b). The excellent match achieved in Fig. 39 essentially confirms
the existence of diffraction of D-band signals at the convex surfaces of the cylindrical
obstruction as one of the propagation mechanisms present in this particular indoor
OLoS scenario.
5.7 Summary
This chapter presents measurements and characterization of D-band indoor channels.
The measurements are performed in LoS, OLoS, and RNLoS environments. For the
OLoS scenario, cylindrical objects of different materials are used as obstructions. For
RNLoS, different surfaces are used as reflectors. From the large set of LoS and OLoS
measured data, the parameters for single-slope path loss model with shadowing are
devised. Furthermore, the analysis of multipath propagation is performed. The rms
delay spread, the mean excess delay, and the coherence bandwidth for LoS, OLoS,
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Figure 38: Comparison among field strengths of each ray component with respect to
offset distance of the cylinder obstruction at f = 140 GHz.
and RNLoS environments are calculated. In addition, the power delay profiles for
LoS, OLoS, and RNLoS environments are analyzed. The results show that strong
multiple reflections from the transmitter and receiver electronics are present both in
LoS and OLoS environments. Additionally, the results show that a ceramic cylinder
in the propagation path produces two surface-diffracted rays that travel around the
cylinder in clock-wise and counter-clock-wise directions, and their superposition leads
to frequency-dependence in the path loss. Finally, the results show that the RNLoS
measured path loss with aluminum plate as a reflector is very similar to free-space
path loss when the angle of incidence and the angle of reflection are equal.
80

























Figure 39: Measured and UTD modelled diffraction gain with the ceramic-mug-
obstructed LoS channel at f = 140 GHz.
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CHAPTER VI
CHARACTERIZATION OF 300 GHZ WIRELESS
CHANNEL ON A COMPUTER MOTHERBOARD
6.1 Overview
Data communication between co-located computer systems, such as blades in a dat-
acenter rack or units in a wireless base station controller, traditionally relies on ei-
ther metal wires or guided (fiber) optics. Similarly, communication between com-
ponents, such as processor and memory within a computer system, currently relies
on metal wires and a transition to optical interconnects is expected in the future
[38]. However, for system components, the number of pins or optical interfaces
that a small chip package can have is limited, and sophisticated connections can also
make component insertion (e.g. during assembly) and removal (e.g. to replace a
failed component) more time-consuming and costly [40]-[42]. For communications
between systems, cables (electrical or optical) require careful physical routing and
“cable management” to allow good airflow (for system cooling), rapid servicing of
failed computing blades/nodes, etc [43].
Wireless communication can alleviate such cable management, serviceability, and
packaging constraints [43]-[54]. Integration of wireless transceivers and antennas into
the chip package would provide communication bandwidth without adding pins or
fiber connectors to the chip package [55]-[56]. A key challenge for wireless communi-
cation is that the required data rates in existing systems are already in the hundreds
of gigabits per second. For example, a computer in a typical high-performance clus-
ter gets 56 Gbits/s through an InfiniBand FDR X4 link [114], and this is expected
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[115] to improve to 100 Gbits/s (InfiniBand EDR) and to 200 Gbits/s in 2017 (Infini-
Band HDR). Achieving such per-link data rates is unlikely to be feasible for wireless
communication at mm-Wave frequencies. As an example, WiGig [116] uses 60 GHz
frequency range to provide up to 7 Gbits/s using OFDM, 64-QAM, and sophisticated
coding.
A 300 GHz channel, on the other hand, can carry an ultra-high data rate, with
much larger usable frequency band, over short-range with extremely narrow beamwidth,
which makes it ideal for chip-to-chip wireless links, such as those on a computer moth-
erboard, where propagation distance is typically less than 25 cm. The chip-to-chip
channel environment is that of a very densely packed communications network, where
LoS is a rare condition. Therefore, it is necessary to study the mm-Waves interac-
tion with motherboard components by characterizing the path loss and multipath
propagation in numerous channel environments found on a motherboard to test the
feasibility of realizing Chip-to-Chip communication in the THz band.
To enable chip-to-chip THz wireless communications within a computer system, it
is imperative to understand the propagation mechanisms that govern communication
in its unique propagation environment at these high frequencies. While measurements
on the computer motherboard have been reported at lower frequencies [57]-[59], to
the best of our knowledge, no channel measurements in the computer motherboard
environment at 300 GHz have been reported in the open literature. Therefore, we
propose to graft the 300 GHz wireless channels onto the computer motherboard,
where highly dense propagation environments produce different propagation scenar-
ios, such as Line-of-Sight (LoS), Non-Line-of-Sight (NLoS), and Obstructed-Line-of-
Sight (OLoS), with obstructing materials of varying reflectivity and surface roughness
(e.g. FR4, metal, Silicon).
The remainder of this chapter is organized as follows: Section 6.2 briefly describes
the equipment and the antennas used in the measurements. Section 6.3 describes
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in detail the five measurement scenarios, and Section 6.4 presents the measurement
results and analysis of the measured data for each scenario. Finally, Section 6.5
provides concluding remarks.
6.2 Measurement Setup
The block diagram of equipment setup and measurement parameters as well as the
antennas used in this chapter are identical to those presented in Sections 3.3 and 4.2.
(Fig. 3 and Table 2)
6.3 Measurement Scenarios
In this measurement campaign, five different scenarios have been considered:
1. Line-of-Sight (LoS) in the presence of a large ground plane
2. LoS with the height difference between the transmitter (Tx) and the receiver
(Rx)
3. Reflected-Non-Line-of-Sight (RNLoS) link via reflection off the surfaces of ver-
tically inserted components
4. Obstructed-LoS (OLoS) scenario where the EM waves travel through the metal
parallel-plate structures
5. NLoS scenarios with a heatsink and a rotating fan as obstructions.
Figure 40 shows the chip locations that exemplify Scenarios 2, 3, and 4.
6.3.1 LoS over a Large Ground Plane
In contrast to a traditional LoS communication environment, where antennas are suf-
ficiently elevated so that the ground plane has negligible impact on the measurements,
in a chip-to-chip environment antennas are located very close to the motherboard (i.e.,








Figure 40: LoS CPU-AGP link (A-B), RNLoS link with DIMM as reflecting surface
(C-D), and OLoS link through parallel-plate structures (E-F) on a motherboard.
the presence of a ground-reflected path. To separate the impact of the motherboard
surface from that of other components on the board, we have used the backside of
the motherboard and varied the Tx/Rx antenna height, h, to characterize the effect
of the ground plane on the path loss. The measurement setup is presented in Fig. 41,
where h is varied from 0 cm to 2.1 cm above the board. Please note that the antenna
height of 0 cm refers to the case when the bottom edge of the horn touches the board
surface, at which height, the phase center of the horn is 4.575 mm above the surface.
Additionally, to test different materials that the motherboard surface consists of, we
have measured the LoS path between Tx/Rx when signal travels over a more solder-
pin-populated portion vs. flat FR4 surfaces. Finally, the material of the desktop, on
which all measurement scenarios have been setup, is plywood.
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Figure 41: LoS propagation between the Tx and Rx over the motherboard.
6.3.2 CPU-AGP Link (Link A-B)
The LoS links on computer motherboards are prone to vertical misalignment between
Tx and Rx antennas because of the chips that could be either located on the horizontal
surface of the board or on vertical planes of the components that are vertically inserted
into the slots. One example of such link is the CPU-AGP (Accelerated Graphics Port)
link, or the Link A-B in Fig. 40, whose path loss has been measured using the setup
presented in Fig. 42, where there exists 16.2 cm of T-R separation and 4.3 cm of
vertical T-R misalignment. From Fig. 42, it can be also observed that, at farther
distances from the CPU, there are other slots, i.e., PCI’s (Peripheral Component
Interconnects), where components can be inserted to form other vertical planes for
the chips to be located on. Therefore, while maintaining the height difference of
4.3 cm, the T-R separation has been increased by moving the Rx module towards
the PCI locations (i.e., increasing x in Fig. 42 in 2 cm increment from 16.2 cm to
26.2 cm).
Please note that it is not realistic to assume that manufacturer will always be able
to align antennas for motherboard links. For example, when memory is a vertical card
and processor is a horizontal chip, an antenna would have to be mounted on a plastic
slot in which memory is inserted in order to be on the same height as the processor.
86
Figure 42: CPU-AGP Link (Link A-B) measurement setup with 4.3 cm of T-R height
difference.
However, in that case, connection between the antenna and the memory card would
be difficult. Even if the antennas between processor and memory are aligned, they
would have to send signals through the plastic holder, which would significantly at-
tenuate the signal. While tilting the antenna may seem as a simple solution for the
propagation problem experienced with vertical misalignment between Tx and Rx as
in a CPU-AGP environment, implementation of such a solution can be quite chal-
lenging, especially when planar antennas are required to facilitate integration with
chips. Increasing the beamwidth of the antenna can be another solution to overcome
the vertical offset between Tx and Rx, but the wider beamwidth would also increase
delay spread, which, in turn, reduces the channel coherence bandwidth. Hence, a
study of the extent of signal variation when antennas are misaligned in the vertical
plane is important because it allows manufactures to estimate the performance vs.
layout tradeoffs.
6.3.3 RNLoS Link with DIMM as Reflecting Surface (Link C-D)
Due to the densely populated environment on a motherboard, chip-to-chip links
rarely have clear LoS paths. The vertically inserted components such as DIMM’s
and graphic/sound cards are major obstructions to chip-to-chip communications on
87
a motherboard. To study if these vertical components can be used as reflectors that
enable Directed Non-Line-of-Sight links, we have measured Reflected Non-Line-of-
Sight (RNLoS) paths between the chips C and D (see Fig. 40). It is observed that
the LoS is obstructed by the metallic CMOS battery, which eliminates the possibility
of clear LoS path. Therefore, this channel would have to rely on reflection off the
DIMM surface. The reflective characteristics of these surfaces are studied using the
experimental setup presented in Fig. 43, where the component (front) side of a DIMM
is used as a reflecting surface. It is important to note that the measurement shown in
Fig. 43 is not taken “on-board”, but in an open setting, where the DIMM is the sole
scatterer in the channel. Because of the high density of components on the computer
motherboard, where the channel is affected by the scattering from multiple objects
of different dimensions and material, it is necessary to factor out the effects of other
components by re-constructing the local propagation environment of the channel in an
isolated environment, such that complete individual assessment of each component’s
effect on propagation is possible. Furthermore, because the two sides of a DIMM (or
card) consist of different materials and have different surface roughness, the front and
back side are characterized as separate reflecting surfaces. Angles φT and φR marked
on the figure represent the incident and reflection angles, respectively, and d is the
distance between the Tx/Rx modules and the reflecting surface. The angle φR is var-
ied from 34◦ to 50◦ in 2◦ increments, while the angle φT is kept fixed at 42
◦ to study
the range of angles at which specular reflection will exist. Additionally, the angles
φT and φR have been varied from 20
◦ to 80◦, while keeping d constant (d = 15.7 cm),
to obtain the magnitude of the reflection coefficient of each reflecting surface with
respect to the incident angle. The incident and reflection angles, φT and φR, are set
equal for the calculation of reflection coefficient to ensure specular reflection.
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Figure 43: Measurement of a RLoS link using the component side of a DIMM as the
reflecting surface.
6.3.4 OLoS Link through Parallel-Plate Structures (Link E-F)
Another important scenario for chip-to-chip communications is when the LoS link
is perturbed by a parallel-plate structures, such as Link E-F in Fig. 40. Here, we
have investigated whether these walls can act as parallel-plate waveguides or just
introduce multipath propagation. The structural resemblance can also be found with
the vertically inserted DIMMs. On the motherboard, due to its compact, highly
dense configuration, it is difficult to differentiate the impact that one component has
on the wave propagation from that of the other. For example, the effects of cylindrical
capacitors present between the two DIMMs that would scatter or diffract the waves
need to be differentiated from the wave-guiding effect of the DIMMs. Therefore, as
shown in Fig. 44, we have isolated the local propagation environment of this particular
chip-to-chip scenario and re-construct it on the backside of the motherboard. The
figure also shows the corridor width, w, which has been varied from 1.7 cm to 5.2 cm
to see how path loss changes with increasing or decreasing width.
6.3.5 NLoS Links
On a computer motherboard, there are numerous components other than DIMM’s
and cards that can obstruct the LoS path. While many of them directly block the
signal, some of them such as a heatsink and a rotating fan have openings through
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Figure 44: OLoS link through parallel-plate structure (DIMMs) on a motherboard.
which the signal may reach the receiver. Hence, we perform measurements in these
environments as well, to estimate impact of the heatsink metal openings and fins of
the rotating fan on the received signal. Figures 45(a) and 45(b) show the measurement
setup for the heatsink and the rotating fan used as an obstruction, respectively. In
the setup shown in Fig. 45(a), the heatsink with 7.7 cm of length is placed at the
midpoint of four T-R separations, 11.7 cm, 16.7 cm, 21.7 cm, and 31.7 cm, which
makes the distance from Tx to one end of heatsink (and from the other end to Rx)
2 cm, 4.5 cm, 7 cm, and 12 cm, respectively. Also, to investigate how the path loss
changes when a wave passes through different sections of the heatsink, the Tx and
Rx modules have been moved along the side of the heatsink, while their separation is
fixed at 21.7 cm (i.e., x in Fig. 45(a) has been varied 0 mm, 2 mm, 5 mm, 7 mm, and
10 mm). For the fan obstruction shown in Fig. 45(b), the T-R separation distance
has been varied from 10 cm to 30 cm in 10 cm increments.
6.4 Measurement Results and Analysis
6.4.1 Characterization of LoS Path Loss over a Large Ground Plane
Fig. 46 compares the measured and theoretically calculated path loss curves for the ex-




Figure 45: NLoS links with (a) a heatsink and (b) a rotating fan as an obstruction.
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The oscillations observed in the measured path loss are the result of strong reflec-
tions that arrive at the receiver after reflecting off the Tx hardware. These multipaths
that bounce between the Tx and Rx modules due to the narrow beamwidths of the
antennas have also been observed in [67] for an LoS propagation environment. Fur-
thermore, we can observe that the measured path loss when both the Tx and Rx are
h = 2.1 cm above the ground plane follows the Friis formula prediction well. This is
not a surprising result due to narrow beamwidths of the antennas and shows that the
ground reflected paths do not reach the receiver at these antenna heights.






















Figure 46: Measured and theoretical path loss curves for LoS link over the mother-
board with T-R separation of 23.5 cm and varying Tx/Rx heights above the mother-
board surface (in reference to measurement setup of Fig. 41).
It is also observed that, when antennas are positioned on the board surface (i.e.,
h = 0 cm), the ground reflections destructively interfere with the LoS path, resulting
in about 3 dB higher path loss than what is predicted by the Friis formula. On the
other hand, when the antennas are 8 mm above the board (h = 0.8 cm), the reflected
and LoS paths constructively interfere, and the measured path loss actually becomes
slightly lower than the theoretical free-space curve. To summarize, the oscillation in
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measured path losses is due to the interference between the LoS and Tx-hardware-
reflected paths that are in different delay bins, while the amplitude shift in the path
loss arises from the constructive/destructive interference between the LoS and ground-
reflected paths that fall within the same delay bin (i.e., their path length difference
is smaller than the spatial resolution of the measurement system).
Table 11: Mean excess delays, RMS delay spreads, and coherence bandwidths for LoS







h=0 cm 7.35 118 1.35
h=0 cm solder pin 0.38 6.32 25.2
h=0.8 cm 10.3 137 1.16
h=2.1 cm 13.9 161 0.99
Another interesting observation from Fig. 46 is that for the same height of 0 cm,
path loss is reduced by 3 dB when the antennas are placed over a section of the board
that has higher solder pin density (refer to “h = 0 cm solder pin” in Fig. 46). This is
because the amplitude and phase of the ground reflected signal are changed due to the
higher reflectivity and surface roughness of the solder-pin-populated surface. Table 11
presents the measured RMS delay spread, mean excess delay, and the coherence
bandwidth (Bc = 1/(2 ∗π ∗ τrms)) for this measurement setup. It is observed that the
coherence bandwidth decreases with the increasing height, and is significantly widened
for the solder-pin scenario. This dramatic increase in the coherence bandwidth for the
case of ground reflection off the solder-pin-populated surface is backed by the power
delay profiles for this measurement setup (see Fig. 47). In the figure, the reflection
from the Tx antenna back panel located at the excess delay of approximately 2 ns
is clearly visible for each Tx/Rx height. A closer look at the profiles also reveals
that the amplitude of the reflection is significantly reduced for the solder-pin scenario
(marked with solid squares in Fig. 47) since the reflection is scattered, and therefore,
weakened, by the obstructing pins. Also, multiple weaker reflections can be observed
93
in this case. Consequently, the RMS delay spread is dramatically reduced, which in
turn resulted in much wider coherence bandwidth for this particular scenario.
These results indicate that the effect of ground reflections varies with the Tx/Rx
height: a few millimeters of variation in Tx/Rx height off the board result in the
increase or decrease in path loss by as much as 3 dB, depending on the nature of
interference (i.e. destructive or constructive) between the LoS path and the ground-
reflected path.




























Figure 47: Normalized power delay profile for LoS link over the motherboard with
different Tx/Rx heights above the motherboard surface (in reference to measurement
setup of Fig. 41).
6.4.2 Characterization of CPU-AGP Link (Link A-B)
Link A-B, shown in Fig. 40, describes a typical link between the processor and the
graphics card, where the Tx and Rx antennas are not on the same height. Fig. 48
shows the measured path losses for the setup presented in Fig. 42 as well as the
corresponding theoretical values obtained from Eq.(22). We can observe that the
path loss is higher for shorter distances, which may seem counter-intuitive. However,
considering the geometrical structure, this is very possible. Note that the antennas
have high directivity and narrow beamwidth and that height difference of 4.3 cm
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creates very obstructed LoS propagation for short distances. On the other hand, as the
distance increases, the Tx/Rx antennas start falling within each others’ beamwidths,
and more of the LoS power as well as the ground-reflected power is detected toward
the receiver, which results in less path loss. However, note that even at maximum
distance of 26.2 cm (i.e., size of the motherboard), the height difference of 4.3 cm
still introduces a loss of about 15 dB with significant fluctuation in path loss. This
result indicates that the A-B link is probably not a reliable channel, which raises the
following question: how much of a height difference between Tx and Rx antennas can
be tolerated?
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Figure 48: Measured and calculated path loss curves for CPU-AGP link (Link A-B)
and CPU-PCI links with T-R height difference of 4.3 cm (in reference to measurement
setup of Fig. 42).
Fig. 49 shows measured path loss curves for different heights of the Rx antenna
when the Tx antenna is fixed at the height 2.1 cm from the board (hTx = 2.1 cm).
The plot shows that for the height difference less than 1.3 cm, the measured path
loss matches the theoretical values, while for greater height differences, measurements
start to deviate from the Friis formula with greater fluctuation in path loss. From
these results, we can conclude that the LoS chip-to-chip wireless channel on the
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horizontal plane (on the motherboard surface) with minor Tx/Rx height difference is
feasible, while the link between two chips, whose height difference is in the order of a
few centimeters, such as Link A-B, will suffer from significant loss.
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Figure 49: Measured and calculated path loss curves for A-B link with varying Rx
antenna height when Tx antenna is fixed to hTx = 2.1 cm (in reference to measurement
setup of Fig. 42).
Fig. 50 shows the scatter plot of the measured mean path loss for several dis-
tances as well as the regression fit through the measurements for a LoS link over the
motherboard with 4.3 cm of height difference between Tx and Rx. From the regres-
sion fit, the path loss exponent is found to be γ = −4.6302; the path loss at the
reference distance of 10 cm was PL0 = 102.384 dB; and the standard deviation was
σ = 0.4179 dB. Note that the negative path loss exponent found from Fig. 50 is the
result of narrow-beam antennas as well as the presence of large ground plane.
It should be noted that, for motherboard channels with vertical T-R misalign-
ment, there exists a trade-off between the path loss and the delay spread. When
the antennas have wider beamwidth, more of the transmitted power will reach the
vertically offset receiver, but more multipaths will also be created due to reflections
from other motherboard components as well as the motherboard surface, increasing
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the RMS delay spread, and therefore, reducing the channel coherence bandwidth. To
verify this, a CST simulation has been performed, where two Tx/Rx horn antenna
pairs with HPBW’s of 10◦ and 26◦, each separated by 16.2 cm with vertical offset of
4.3 cm as in CPU-AGP environment, are compared in terms of their S21 and RMS de-
lay spread. The result has shown that an increase of 16◦ in HPBW results in a 20 dB
increase in the received power and a 71.8 % reduction (from 606 MHz to 171 MHz)
in coherence bandwidth. Therefore, selection of an appropriate antenna beamwidth
that delivers enough power to all receiver locations, while minimizing delay spread,
is critical for wireless channels on a computer motherboard.

























Figure 50: Measured mean path losses and regression fit for A-B link with 4.3 cm of
height difference between Tx and Rx antennas (d0 = 10 cm) (in reference to measure-
ment setup of Fig. 42).
Fig. 51 presents the power delay profiles for several T-R separations when the
difference between the Tx and Rx antenna heights is 4.3 cm. We observe that the
reflections from the Tx arrive at the receiver with larger excess delay (i.e., τ = 1.8 ns,
2.1 ns, and 2.4 ns) as the separation distance increases (i.e., d = 18.2 cm, 22.2 cm,
and 26.2 cm, respectively) due to the longer path lengths that the reflected rays have
to travel.
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Figure 51: Normalized power delay profile for A-B link with height difference of 4.3 cm
between Tx and Rx for different T-R separations (in reference to measurement setup
of Fig. 42).
6.4.3 Characterization of RNLoS link with DIMM as Reflecting Surface
(Link C-D)
In this section, we study if some of the components on the motherboard can be used
as reflectors, i.e., we have analyzed Reflected Non-Line-of-Sight (RNLoS) paths using
the measurement setup presented in Fig. 43, which is exemplified by the link between
the chips C and D in Fig. 40.
Figure 52 shows the measured path loss plots with a DIMM as the reflecting
surface, while the receiver angle φR is varied between 34
◦ and 50◦ in 2◦ increments,
while the transmitter angle φT is kept fixed at 42
◦. For both the front and back side
of the DIMM, shown in Fig. 52(a) and 52(b), respectively, the measured path loss
is the lowest for φR = 42
◦, which means that maximum power transfer is occurring
under the condition, φT = φR, for both sides of the reflective surface. The difference
between them, however, is that, for the backside, the path loss increases linearly with
the deviation from the specular reflection angle, 42◦, while this is not necessarily the
case for the front side of DIMM. For example, the second highest path losses are
98
for φR = 40
◦ and 44◦, then, the third highest path losses belong to φR = 38
◦ and
46◦, etc. For deviation greater than 6◦, the path loss approaches noise level. On the
other hand, for the front side of DIMM, the second highest path loss is for φR = 38
◦,
rather than 40◦ or 44◦. Furthermore, it is observed that for receiver angles other than
φR = 42
◦ and 38◦, the path loss curves are hard to distinguish. These results are
closely related to the material inhomogeneity and surface irregularity of the DIMM’s
front side. The fact that its surface consists of more than one material of varying
reflection coefficient and that it has high surface roughness creates diffuse reflections
of random amplitudes, phases, delays, and propagation directions. Therefore, their
vectorial sum at a specific point in space is also random.
Figures 53(a) and 53(b) present the PDPs for the front and the back sides of a
DIMM, respectively. From the PDPs, it can be observed that a single cluster of later-
arriving paths is detected for the front side of the DIMM (labeled 1 in Fig. 53(a)),
while two such clusters are observed for the back side of the DIMM (labelled 1 and
2 in Fig. 53(b)). This is due to the different surface roughness and the reflectivity
of the two sides. For the flat, highly reflective back side (Fig. 53(b)), there are three
reflections: the first path at τ = 0 is the one that starts at the Tx, reflects off
the DIMM surface and arrives at the Rx (since there is no line-of-sight path); the
reflection observed in Cluster 1 is the path that travels from the Tx, reflects off the
DIMM surface, bounces off the back panel of Rx antenna, travels to the DIMM once
again, and back to the Rx; the reflection observed in Cluster 2 is the path that travels
from the Tx, reflects off the DIMM surface and the Rx back panel, travels back to the
Tx through reflection off the DIMM, bounces off the Tx back panel and the DIMM
surface, and finally reaches the Rx. For the front side of the DIMM (Fig. 53(a)),
Cluster 2 is absent in the PDP since the surface is rougher and less reflective than
the back side, so that it cannot produce a strong enough reflection that travels back
to the Tx. Note that the trajectories of all of these multipaths have been identified
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Figure 52: Measured and theoretically calculated path loss curves for RNLoS links
with different receiver angles when the transmitter angle is fixed to φT = 42
◦ and the
DIMM is used as the reflecting surface (in reference to Link C-D and measurement
setup of Fig. 43): (a) front side of DIMM; (b) back side of DIMM.
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by computing the distance travelled with the excess delay of each path (d = c× τ).
In Fig. 53(b), intuitively speaking, Cluster 2 should be weaker than Cluster 1 since
it travels the longer distance. However, the Angle-of-Arrival (AoA) also impacts
the power of the received signal. Especially, for such a narrow beam, the simulated
radiation pattern of the horn reveals that the AoA of only 8◦ off the direction of
maximum gain can lead to a 9 dB weaker detected signal. Therefore, even though
Cluster 1 should have higher power than Cluster 2 (by 3.8 dB to be exact), the
deviation of AoA from the maximum of the mainlobe can result in a 5 dB weaker
power of Cluster 1 compared to Cluster 2.
The mean excess delays, RMS delay spreads, and the coherence bandwidths of
this RNLoS channel with the three reflecting surfaces presented in Table 12 provide
numerical verification of the qualitative analysis made from Fig. 53. It can be observed
in Table 12 that the maximum coherence bandwidth is found for the DIMM back side
for the angle of specular reflection, φT = φR = 42
◦, and as the receiver angle gets
farther away from it, the coherence bandwidth decreases rapidly. Nevertheless, we
can see that the coherence bandwidth stays in the GHz range up to 38◦ and 44◦.
For the DIMM front side, the largest coherence bandwidth is also found at φR =
42◦, but it is three times narrower than the coherence bandwidth of the back side.
Additionally, other than φR = 38
◦ and 42◦, the coherence bandwidths significantly
drop to the MHz range. It is also observed that the front side of a graphic card
exhibits the lowest coherence bandwidth among the three surfaces due to its highest
surface irregularity, while its maximum coherence bandwidth occurs at φR = 44
◦,
which is 2◦ off from the angle of specular reflection. Please note that the delay
spreads presented in Table 12 are the values obtained in an “open” or “isolated”
channel environment, and therefore, they cannot be directly related to more realistic
motherboard environments. However, the purpose of this particular measurement
campaign is to identify a 300 GHz wave’s interaction with the common materials
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Figure 53: Normalized power delay profiles for RNLoS links with different receiver
angles when the transmitter angle is fixed to φT = 42
◦ and DIMM is used as the
reflecting surface (in reference to Link C-D and measurement setup of Fig. 43): (a)
front side of DIMM; (b) back side of DIMM.
102
found on the motherboard in terms of their penetration/reflection characteristics. In
other words, the coherence bandwidths provided in Table 12 can be considered as
the maximum possible values when no other components on the motherboard are
obstructing the RNLoS path between two chips. Furthermore, in Table 12, we have
shown how delay spread varies as the angular orientation of receiver deviates from
that of the transmitter, which captures more practical aspects of RNLoS channels on
a motherboard since it is not realistic to expect specular reflection for all antenna
positions on a computer motherboard. Such information will be useful for layout
designers and manufacturers.
Table 12: Mean excess delay, RMS delay spread, and coherence bandwidth for the
RNLoS scenario with different reflecting surfaces.
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34 827.9 3245 0.049 761.2 2987 0.053 - - -
36 523.7 2583 0.062 408.1 2256 0.070 - - -
38 0.411 7.57 21.02 1.238 41.64 3.821 630.5 2813 0.056
40 51.62 750.7 0.21 0.087 2.414 65.91 560.8 2672 0.059
42 0.311 6.015 26.46 0.066 2.108 75.47 5.219 83.24 1.911
44 28.06 463.9 0.34 1.163 39.17 4.062 1.257 31.47 5.057
46 188.7 1546 0.103 17.81 250.1 0.636 1.541 36.01 4.419
48 397.1 2164 0.074 713.1 2915 0.054 441.3 2382 0.066
50 719.2 2899 0.055 929.5 3405 0.046 835.9 3284 0.048
Finally, Fig. 54 shows the magnitude of the reflection coefficients of the three
surfaces (DIMM front side, DIMM back side, and graphic card front side) as a function
of incident angle. The reflection coefficient is found from the reflection loss of each
surface, i.e.
RL = −20log10|Γ|, (36)
where Γ is the reflection coefficient, and RL, reflection loss in dB, is calculated from
the link budget equation:
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RL = Pt − Pr +Gt +Gr − P̃L [dB], (37)
where P̃L is the theoretical free-space path loss calculated with Eq. (21).
The incident angle is measured from the surface normal, i.e., it is the angle φT (=
φR) in Fig. 43. From Fig. 54, it is observed that the reflection coefficient of the DIMM
back side stays near 1 for all incident angles. This indicates that the back side of
the DIMM serves as a good reflecting surface for all incident angles for a RNLoS
link with minimal power loss. On the other hand, the component side of the DIMM,
whose surface is rougher compared to the back side and consists of different materials
(e.g. Silicon, FR4, metal), each having different reflection losses, shows a much more
incident-angle-dependent reflection coefficient that fluctuates between 0.2 and 1. The
same sensitivity to incident angle is observed for the front side of the graphic card as
well, where, in general, the reflection coefficients are lower than those of the DIMM
front side due to higher surface irregularity; even for a small incident angle of 20◦,
the reflection coefficient for a graphic card component side is less than 0.3. We can
conclude that the back side of a DIMM is an excellent reflector for a reliable RNLoS
link, whereas it would be much more difficult to predict the path loss of the RNLoS
channel with the component sides as the reflecting surface.
6.4.4 Characterization of OLoS Link through Parallel-Plate Structures
(Link E-F)
Another important scenario for chip-to-chip communications is when the LoS link is
perturbed by a parallel-plate structure, such as Link E-F in Fig. 40. This channel has
been replicated in an open measurement setup shown in Fig. 44, and the path losses
measured are compared with the theoretically obtained path loss curves in Fig. 55 for
different distances between the two DIMMs, w, when the T-R separation is 23.5 cm.
It is observed that the path loss increases considerably above the theoretical level
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Figure 54: Magnitude of the reflection coefficients for three reflecting surfaces as a
function of the incident angle (in reference to Link C-D and measurement setup of
Fig. 43).
for w = 2.3 cm, while for w = 3.3 cm, the measured path loss is less than what is
predicted by Friis equation. Finally, for w = 5.2 cm, the measured path loss returns
to the theoretical level. These results indicate that there exist multipaths inside
the corridor created by the two DIMMs: LoS and paths bouncing between the two
DIMMs. The amplitude, phase, and delay of the bounced paths are determined by the
width of the corridor, w. The results show that the interference among the multipaths
is destructive when w = 2.3 cm, while they are superimposed in a constructive manner
for w = 3.3 cm to yield much lower path loss. When w = 5.2 cm, the corridor width
is now much wider than the antenna beamwidth, and the channel has only the LoS
path, yielding measured path loss that follows the Friis formula. These results indicate
that this channel can be used for chip-to-chip communications with careful selection
of spacing between memory plates. Here, we also note that the oscillations in the
measured path loss curves are still visible since the reflections between the Tx and
Rx antenna back panels exist in the LoS channel. These strong reflections are clearly
visible from the power delay profiles presented in Fig. 56. Note that the Tx/Rx
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Figure 55: Measured and theoretically calculated path loss curves for OLoS link
through parallel-plate structure with T-R separation of 23.5 cm and different spacing
between the two DIMMs (in reference to Link E-F and measurement setup of Fig. 44).
antenna heights are set to 2.1 cm from the motherboard to ensure that the measured
path loss is not affected by the ground reflection.
6.4.5 Characterization of NLoS Links
On a computer motherboard, there are numerous components other than DIMMs
and cards that can obstruct the LoS path. In this section, the impacts of a heatsink
and a rotating fan have been studied with the measurement setup shown in Fig. 45.
Figure 57 presents the measured path losses along with the corresponding theoretical
curves for different T-R separation distances for a heatsink-obstructed NLoS link.
While some of the power is scattered or reflected by the metallic heatsink, most of
the power still travels through the vertical gaps between the walls of the structure.
Therefore, it is observed that the measured path losses are not significantly higher
than the theoretical values. In fact, a heatsink is another type of metal parallel-plate
structure that raises the possibility of constructive/destructive interference between
the LoS path and the path bouncing between the plates.
To confirm this, Fig. 58 shows the path loss curves for a fixed T-R separation of
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Figure 56: Normalized power delay profile for OLoS link through parallel-plate struc-
ture with different spacing between the two DIMM’s (in reference to Link E-F and
measurement setup of Fig. 44).
21.7 cm when the Tx/Rx antennas have been moved along the side of the heatsink
(i.e., x is varied between 0 mm and 10 mm in Fig. 45(a)). Here, we observe a similar
phenomenon as in Figs. 46 and 55, where the constructive interference between the
LoS and bounced paths results in lower path loss than what is theoretically calculated
(see x = 2 mm and x = 10 mm in Fig. 58). Further, it is also similarly observed that,
at the Tx/Rx offset of 5 mm (x = 5 mm), path loss increases above the theoretical line
due to the destructive interference. These results reveal that a heatsink-obstructed
NLoS channel can actually be used for a chip-to-chip link with careful positioning of
the antennas with respect to the geometry of the heatsink.
Fig. 59 shows the regression fit through the mean path losses measured at different
T-R separations with the heatsink as obstruction. A path loss exponent of approx-
imately γ = 1.77 is found, while path loss at the reference distance of d0 = 10 cm
and the standard deviation are found to be PL0 = 64.519 dB and σ = 0.9584 dB,
respectively.
The PDP for the heatsink-obstructed NLoS scenario is shown in Figs. 60, where it
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Figure 57: Measured and theoretically calculated path loss curves for heatsink-
obstructed NLoS link with different T-R separation distances (in reference to mea-
surement setup of Fig. 45(a)).
is observed that there exist second- and third-arriving multipath for each separation
(i.e., located at τ = 0.4 ns and 0.9 ns for d = 11.7 cm; τ = 0.6 ns and 1.2 ns for
d = 21.7 cm; and τ = 0.9 ns and 1.9 ns for d = 31.7 cm). This result indicates that
there are multiple reflections between the Rx antenna back panel and the surface of
the heatsink.
Finally, for a fan-obstructed NLoS link, frequency-sweeping is not an appropriate
measurement technique since the channel can no longer be considered quasi-static
within the sweep time due to the rotating fan that constantly changes the macroscopic
geometry of the channel. Therefore, for this scenario, continuous wave time-domain
measurement at single frequency has been obtained. Similar time-domain analysis
of DTV signal through wind turbines has been reported in [117]. The measured
received power is presented in Fig. 61, where periodic fading is observed every 3.2 ms
due to the blockage of the signal by the blades rotating at a constant speed. The result
indicates that, for chip-to-chip wireless links through a rotating fan, a synchronization
technique is needed, such that signal bit sequences are delayed during the times of
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Figure 58: Measured and theoretically calculated path loss curves for heatsink-
obstructed NLoS link with different orthogonal Tx/Rx offsets (in reference to mea-
surement setup of Fig. 45(a)).
deep fades.
6.5 Summary
This chapter presented characterization of a 300 GHz wireless channel in a computer
motherboard environment. Results indicate that the presence of the ground plane or
parallel-plate structures in the channel introduces multipaths that if constructively
superimposed may create path loss lower than the free-space propagation path loss.
Additionally, our results show that the LoS channel over the motherboard with a few
centimeters of height difference between the Tx and Rx antennas suffers from signifi-
cant path loss, and has a negative path loss exponent. Furthermore, we have tested
the possibility of using some of the vertical components as reflectors to alleviate the
problem of no LoS communication paths. Our results show that the back side of a
DIMM has an excellent reflecting surface with the widest coherence bandwidth and
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Figure 59: Measured mean path losses and the regression fit for NLoS link with
a heatsink as obstruction (d0 = 10 cm) (in reference to measurement setup of
Fig. 45(a)).
highest reflection coefficient which can enable RNLoS links on a computer mother-
board. Finally, we have investigated the impact of large objects that prevent LoS
propagation on a motherboard. For the heatsink-obstructed NLoS link, it is found
that the path loss exponent is 1.77, while the rotating fan causes periodic fading in
the received power. For chip-to-chip wireless links through a rotating fan, therefore,
a synchronization technique is necessary, such that signal bit sequences are delayed
during the times of deep fades. All these results indicate that optimal communications
can be achieved by carefully positioning the antennas with respect to the motherboard
layout.
110


























Figure 60: Normalized power delay profile for heatsink-obstructed NLoS link with
different T-R separation distances (in reference to measurement setup of Fig. 45(a)).






















Figure 61: Time domain measurement of received power for NLoS link obstructed by
a rotating fan (f = 310 GHz) (in reference to measurement setup of Fig. 45(b)).
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CHAPTER VII
STATISTICAL MODELING AND SIMULATION OF
SHORT-RANGE DEVICE-TO-DEVICE
COMMUNICATION CHANNELS AT SUB-THZ
FREQUENCIES
7.1 Overview
Deterministic THz channel models based on a ray-tracing method have been reported
in the literature [35], where measurements obtained from a small office environment
are compared with ray-tracing simulations. However, the accuracy of the ray-tracing
model depends heavily on complete knowledge of material properties, such as re-
flection and scattering losses that vary with incident angle, dielectric constant, and
surface roughness. Furthermore, precise modelling of propagation mechanisms, such
as diffraction, which is highly affected by the shape and material properties of the
obstruction, is required. The characterization of building materials for THz channels
have been reported in [83], while the impact of reflections from these materials as
well as the modelling of scattering and diffraction have been studied for indoor THz
communication in [82], [34], and [61], respectively. However, it is quite difficult to
have exact, a priori knowledge of the propagation environment and to determinis-
tically model the randomly combining effects of different propagation mechanisms.
Other THz indoor propagation models based on ray-tracing are found in [60], where
the power of a single-reflected NLoS path is modelled by a summation of clusters
with standard deviation statistics of amplitude and AoA (Angle-of-Arrival) that are
pre-defined for a specific wall material (plaster) in [61]. Further, the model includes
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reflection and scattering losses that need to be re-calculated for different polarization,
dielectric constant, and Rayleigh roughness factor of the reflecting surface. As these
material-specific parameters limit the practicality of ray-tracing-based channel mod-
els, for the cases when the number of multipath components is large, or when the
geometry and dielectric properties of the propagation environment are unknown, we
must use statistical approximations to characterize the propagation medium.
In [62], the first stochastic model for THz indoor channels is proposed. In the
proposed model, frequency-dependent path gain model [63] and the indoor Saleh-
Valenzuela model [64] are adapted for the THz frequencies, and ray-tracing simula-
tion for an office environment is performed to extract the statistical parameters that
are used for the generation of a large set of channel realizations. While this approach
significantly simplifies channel simulations, it does not provide insight into statistical
properties, such as the correlation function (i.e., function that characterizes how fast
a wireless channel changes with time, movement, or frequency) and the power delay
profile (i.e., the function that characterizes multipath propagation). These statistics
enable the system designer to make informed decisions when choosing modulation,
interleaving, and coding schemes at the transmitting end and the type of channel
estimator and decoder at the receiving end. Further, the fact that ray-tracing has
to be re-run for the adaptation of the model to a new environment due to the THz
propagation’s high dependence on materials can limit the time-efficiency of the chan-
nel model. Therefore, this chapter proposes a geometry-based statistical approach
to the modelling of wireless channels at sub-THz frequencies, where the mathemati-
cal reference model for short-range sub-THz multipath fading channels is developed
and compared with measurements collected around 110 − 170 GHz (D-band) and
300 − 320 GHz for validation. Furthermore, a sum-of-sinusoids based (SoS) simula-
tion model is proposed to overcome the assumption of the reference model that there
is an infinite number of scatterers at the Tx and the Rx. The statistical properties
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of our simulation model are verified by comparison with the corresponding statistical
properties of the reference model.
The remainder of this chapter is organized as follows: Section 7.2 introduces the
2-D geometrical concentric-sectors model and presents the parametric reference model
that employs the geometry to develop the time-invariant transfer function for short-
range THz multipath fading channels. Section 7.3 derives the FCF and the PDP
for a 2-D isotropic scattering environment and provides a comparison between the
measured and theoretical PDP’s. Section 7.4 details the statistical SoS simulation
model. Finally, a few concluding remarks are given in Section 7.5.
7.2 A Reference Model for Device-to-DeviceWideband sub-
THz Channels
The formulation of a reference model for short-range sub− THz device-to-device com-
munication link between the stationary Tx and Rx is explained in detail in this section.
Both the Tx and Rx are equipped with directional antennas, which is a requirement
for sub-THz channels to compensate for the high path loss. The radio propagation
in indoor environments is characterized by 2-D wide sense stationary uncorrelated
scattering (WSSUS) with either LoS or NLoS conditions between the Tx and Rx.
Figure 62 shows the concentric-sectors model with LoS, SR, and DR rays. Con-
centric sectors are chosen to include antenna directionality and wideband channel
characteristics into the model. In Fig. 62, AT and AR denote the locations of the Tx
and Rx antennas and their separation distance is denoted by D. The scatterers are
located along the arcs of the sectors centered at either AT or AR, with the radius
Rt and Rr, respectively. The lower-bound of the Rt, Rt1 is set in the far-field region
of the Tx antenna, and the upper-bound, Rt2 is set behind the Rx. Similarly, the
lower-bound of the Rr, Rr1 is set in the far-field region of the Rx antenna, and the
upper-bound, Rr2 is set behind the Tx. It is assumed that M fixed omnidirectional
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scatterers occupy an area between the sectors of radii Rt1 and Rt2. These M omni-
directional scatterers lie on L arcs of radii Rt1 ≤ R(l)t ≤ Rt2, where 1 ≤ l ≤ L. To
account for clustering effect, the lth arc contains M (l) fixed omni-directional scatter-
ers, and the (l, m)th scatterer is denoted by S(l,m), where 1 ≤ m ≤ M (l). Similarly,
Q scatterers lie on P arcs of radii Rr1 ≤ R(p)r ≤ Rr2, where 1 ≤ p ≤ P . The pth arc
contains Q(p) fixed omni-directional scatterers and the (p, q)th scatterer is denoted by
































Figure 62: The concentric-sectors model with LoS , SR, and DR rays for a short-range
wideband sub-THz device-to-device channel.
In Fig. 62, the angles θT and θR denote the half-beamwidths of the Tx and Rx







S , and ǫ
(p,q)
R correspond to the distances AT −S(l,m), S(l,m) −AR, S(l,m) −
S(p,q) S(p,q)−AR, respectively, as shown in Fig. 62. Finally, the symbol α(l,m)T represents
the angle of departure (AoD) of the ray that impinges on the scatterer S(l,m), while
α
(l,m)
R denotes the angle of arrival (AoA) of the ray that reflects off S
(l,m). On the
other hand, the AoA of the ray that arrives after bouncing off S(l,m) and S(p,q), i.e., the
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double-reflected ray, is denoted by α
(p,q)
R . All the parameters used in the geometrical
model are summarized in Table 13.
Table 13: Definition of the Parameters used in the Concentric-Sectors Geometrical
Model.
D Distance between the centers of Tx and Rx sectors
( ) Radius of the lth sector with its center at Tx.
( ) Radius of the pth sector with its center at Rx.
,
Half-beamwidths of the Tx and Rx antennas in the x-y plane 
(relative to x-axis), respectively.
, minimum and maximum radii of the sectors with centers at Tx
, minimum and maximum radii of the sectors with centers at Rx
( , )
,
( , ) Azimuth angels of departure (AAoD) of the waves that impinge 
on the scatterers ( , )and ( , ), respectively.
( , )
,
( , ) Azimuth angels of arrival (AAoA) of the waves scattered from 
the scatterers ( , ) and ( , ), respectively.
( , ) Distance , ( , )
( , ) Distance ( , ),
( , ) Distance ( , ),
( , , , )
Distance ( , ), ( , )
It is observed from the 2-D geometrical model in Fig. 62 that there exist three ray
components in the channel: a ray that traverses directly from the Tx to the Rx antenna
(LoS component), a ray that impinges upon the scatterers S(l,m) in the Rx sector area
before arriving at the Rx antenna (Single-Reflected component), and/or a ray that
reflects off the scatterers S(l,m) in the Rx sector area and, subsequently, scatters from
the scatterers S(p,q) in the Tx sector area before arriving at the Rx antenna (Double-
Reflected component). Hence, the time-invariant input delay-spread function of the
link AT - AR can be written as a superposition of the LoS, SR, and DR rays, viz.
h(t, τ) = hSR(t, τ) + hDR(t, τ) + hLoS(t, τ). (38)
Note that the channel considered in this thesis is stationary, and therefore, t in (38)
will be omitted in further equations.














jφl,mδ(τ − τl,m), (39)
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where Al,m, φl,m, and τl,m are the amplitude, the phase, and the time delay of the
multipath components and they are defined as in [75]. Parameter K is the Rice factor
(ratio of LoS to scatter received power).














φl,m,p,qδ(τ − τl,m,p,q), (40)
where Al,m,p,q , φl,m,p,q, and τl,m,p,q are the amplitude, the phase, and the time delay of
the multipath components and they are defined as in [75]. The parameters, ηSR and
ηDR in (39) and (40), quantify the relative powers allocated to the Single- and Double-
Reflected rays, respectively, such that their sum equals 1 (i.e., ηSR + ηDR = 1). It is
assumed that the angles of departure, α
(l,m)
T , the angles of arrival, α
(p,q)





r , are independent random variables. Furthermore, it is assumed that the
phases, φl,m, φp,q, and φl,m,p,q, are uniform random variables on the interval [−π, π)
and are independent from the angles of departure, the angles of arrival, and the radii
of the sectors. Note that, for double-reflected rays, the AoA’s, α
(p,q)
R , are independent
from the AoD’s, α
(l,m)
T [108], while single-reflected rays have AoA’s, α
(l,m)
R , that are
dependent on the AoD’s, α
(l,m)
T , and vice versa.






jφLoSδ(τ − τLoS), (41)
where the LoS amplitude, ALoS, and the LoS time delay, τLoS, are defined as in [75].






S , and ǫ
(p,q)
R can be ex-

































































The derivations of (43) and (44) are presented in Appendix B.
Since the locations of scatterers within an antenna radiation sector are equally
probable, we assume uniformly distributed scattering in the concentric-sectors model
and to characterize it we use the joint probability density function (pdf)
f(R, α) =
2R






r , are uniformly distributed between Rt1 and Rt2, and Rr1 and
Rr2, respectively. Similarly, the AoD’s, α
(l,m)
T , and the AoA’s, α
(p,q)
R , are uniformly
distributed between (2π − θT )–θT and (π − θR)–(π + θR), respectively. Such a distri-
bution implies that the scatterers in the horizontal plane will have a uniform density
between the concentric-sectors, if the scattering is isotropic in the horizontal plane.
To simplify further analysis, we use the time-invariant transfer function instead
of the input delay-spread function and we normalize the gain patterns of the antenna
elements to unity, although other gain patterns can be accommodated at this point.
The time-invariant transfer function is the Fourier transform of the input delay-spread
function [108] and can be written as
T (f) = Fτ {h(τ)} = T SR(f) + TDR(f) + TLoS(f), (47)
where T SR(f) is the SR, TDR(f) is the DR, and TLoS(f) is the LoS component of the
time-invariant transfer function. The expressions for T SR(f), TDR(f), and TLoS(f)
are derived in Appendix C.
118
7.3 Frequency Correlation Function and Power Delay Pro-
file of the Reference Model
The correlation function is an important statistic in designing communication links
that characterizes how fast a wireless channel changes with time, movement, or in
frequency. For example, if the correlation stays high for a long time, in a case of strong
channel attenuation, multiple symbols will be similarly affected implying that error
correction codes will not be able to repair damage. These statistics enable the system
designer to make informed decisions when choosing modulation, interleaving, and
coding schemes at the transmitting end and the type of channel estimator and decoder
at the receiving end. The specific correlation function that is of interest in this chapter
is the frequency correlation function (FCF), which measures the channel’s frequency
selectivity. In other words, the FCF is a useful indicator of dependencies as a function
of difference in frequency (∆f), and it can be used to access the required frequency
difference between sample points for the values to be effectively uncorrelated.
The normalized frequency auto-correlation function of the time-invariant transfer
function is defined as
R(∆f) =
E[T (f)∗T (f +∆f)]√
Var[T (f)∗]Var[T (f +∆f)]
, (48)
where (·)∗ denotes the complex conjugate operation, E[·] is the statistical expectation
operator, and Var[·] is the statistical variance operator.
Since T SR(f), and TDR(f) are independent zero-mean complex Gaussian random
processes, (48) can be simplified to
R(∆f) = RSR(∆f) +RDR(∆f) +RLoS(∆f), (49)
where RSR(∆f), RDR(∆f), and RLoS(∆f) denote the normalized FCFs of the SR,
119






















where Ω = D−γ/2
√
GTGRλ/4π.
Since the number of local scatterers in the reference model described in Section 7.2
is infinite, the discrete AoD’s α
(l,m)
T , AoA’s α
(p,q)




r can be re-
placed with continuous random variables αT , αR, Rt, and Rr with probability density
functions (pdf) f(αT ), f(αR), f(Rt), and f(Rr), respectively.









Similarly, substituting (86) into (50) and (87) into (51), theRSR(∆f) andRDR(∆f)
can be written as (54) and (55) (appearing on page 121), respectively. Note that the
FCFs for the SR and DR components of the time-invariant transfer function must be
evaluated numerically because the integrals in (54) and (55) do not have closed-form
solutions. While it is difficult to obtain closed-form solutions, we show in Appendix D
how the RSR(∆f) and the RDR(∆f) expressions can be approximated by
RSR(∆f) ≈ 2



















∆fRt cosαT dαT dRt, (56)
RDR(∆f) ≈ 4















































































× f(Rt)f(αT )dαT dRt
=
2Dγ
























































Dγe−j2π∆fτDRf(Rt, αT , Rr, αR)(
Rt +Rr +
√
|Rt sinαT − Rr sinαR|2 + |Rt cosαT −Rr cosαR −D|2
)γ
× dαT dαR dRt dRr
=
4Dγ



























× dαT dαR dRt dRr. (55)
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respectively.
To validate assumptions used to obtain the approximated FCFs in (56) and (57),
we compare these equations with the numerically obtained FCFs in (54) and (55).
Figures 63 and 64 compare the exact and approximated frequency correlation func-
tions for SR and DR components. Two different scatterer positions defined by the
parameters, Rt1, Rt2, Rr1, Rr2, and θT (or θR) have been selected: the scenario,
Rt1 = Rr1 = 0 m, Rt2 = Rr2 = 0.11 m, and θT = θR = 45
◦, is shown in Fig. 63; and
the scenario Rt1 = Rr1 = 0.2 m, Rt2 = Rr2 = 0.3 m, and θT = θR = 30
◦ is shown in
Fig. 64. The T-R separation distance, D, is set to 0.3 m for both scenarios.
The mismatch between exact and approximated frequency correlation functions
observed in Fig. 63 and 64 comes from the discrepancy between the exact (Eq. (43), (44))





S (please refer to Appendix D). Specifically, for SR rays, the criterion that can




Therefore, the accuracy of the approximation, for SR rays, depends on the degree to
which the condition (58) is true. For Fig. 63, the maximum value of Rt sinαT
D−Rt cosαT
is 0.35.
While it is smaller than 1, the value is still not small enough to satisfy (58), which is
why there exists mismatch between the exact and approximated correlation functions
in Fig. 63. On the other hand, in the case of Fig. 64, the maximum value of Rt sinαT
D−Rt cosαT
is 3.7321, which does not satisfy the condition at all. As a result, we can observe that
the approximated correlation function for SR component has a completely different
shape compared to the exact one in Fig. 64. Meanwhile, for DR rays, the assumption
that approximates (44) with (90) is
|R(l)t sinα(l,m)T −R(p)r sinα
(p,q)
R |2 = 0, (59)
such that the first term of (44), which is the projection of ǫ
(l,m,p,q)
s onto y-axis, cancels
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out. In Fig. 63, the geometry of the scenario described by the parameters, Rt1 =
Rr1 = 0 m,Rt2 = Rr2 = 0.1 m, and θ = 45
◦, allows for a margin of error since




R |2 > 0 due to large beamwidth
(θ = 45◦). This explains the slight mismatch between the exact and approximated
correlation functions for DR component in Fig. 63. On the other hand, in Fig. 64,
where the parameters are Rt1 = Rr1 = 0.2 m, Rt2 = Rr2 = 0.3 m, and θ = 30
◦,
smaller beamwidth forces the y-projections of ǫ
(l,m,p,q)
s closer to 0. Therefore, the
degree to which (59) is true is much higher in this case, and consequently, a much
better match between the exact and approximated correlation functions is observed
for DR component in Fig. 64, compared to that in Fig. 63. Note that the benefit of
the approximated expressions for correlation functions is a quick estimate of channel‘s
frequency selectivity, and the exact correlation functions can be numerically obtained
if more precise results are needed.


















Figure 63: The exact and approximated frequency correlation functions for SR and
DR components when Rt1 = Rr1 = 0 m, Rt2 = Rr2 = 0.11 m, θT = θR = 45
◦.
The power delay profile (PDP) of the proposed model can be obtained by taking
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Figure 64: The exact and approximated frequency correlation functions for SR and
DR components when Rt1 = Rr1 = 0.2 m, Rt2 = Rr2 = 0.3 m, θT = θR = 30
◦.
the Inverse Fourier Transform of the FCF [108], i.e.,
P (τ) = F−1∆f{R(∆f)}. (60)
The significance of PDP is that it gives the intensity of a received signal as a function
of time delay, and is useful in identifying multipaths in the channel. Also, PDPs
are used to extract important parameters, such as RMS delay spread (and coherence
bandwidth of the channel), which is a measure of time dispersion or frequency selec-
tivity, and tell system designer how long it has to wait before next symbol can be
sent to avoid inter-symbol interference.
To verify the validity of the proposed model, the theoretical PDPs are compared
to the measured ones. The measurement data has been collected at two sub-THz
frequency ranges, i.e., at fc = 300 GHz with 20 GHz of bandwidth [67], [73] and at
D-band (110 − 170 GHz) [69]. Specifically, measurements at 300 GHz are analyzed
for LoS desktop scenarios [67], realistic desktop environments with objects, such as
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books, cell phones, and laptops, and a computer motherboard environment with a
RAM module. Also, in D-band, measurements for an NLoS desktop scenario with a
cylindrical obstruction [69] are used to validate the proposed model.
For the 300 GHz desktop LoS measurement campaign [67], two T-R separation
distances, D, of 30 cm and 40 cm have been considered, and the Tx and Rx were
equipped with horn antennas with beamwidths of 10◦, i.e., 2θT = 2θR = 10
◦. The Tx
and Rx, as well as any surrounding objects, were stationary, meaning the channel was
quasi-static with no time-dependence. Although the channel environment was free
of local scatterers, the metallic surfaces of the Tx and Rx test heads, on which the
horn antennas are attached, acted as reflectors. Consequently, the signal transmitted
from the Tx travelled the separation distance, D, got reflected off the Rx test head,
travelled back the distance, D, towards the Tx, reflected again off the Tx test head,
and finally, arrived at the Rx after traversing the distance, D. This implies that
even though no scatterers were present in the environment, multiple rays have been
reflected off the metallic transceiver box and created multiple scattering rays in the
channel, introducing double-reflected rays in addition to the direct LoS ray. The
arrivals of these double-reflected paths are apparent in the measured PDPs shown in
Figs. 65(a) and 65(b). The excess delays of the double-reflected rays correspond to
the rays that travelled double the separation distance, which is why the peaks in the
PDPs shift to the right as the distance increases.
In the reference model, parameter K is estimated using the method in [118] to
be 0.4 for all distances. Since there are no single reflections in the channel, setting
the parameters ηSR and ηDR was straight forward, i.e., ηSR = 0 and ηDR = 1. The
parameters Rt1, Rr1, Rt2, and Rr2 are estimated using method in [119] as: Rt1 = Rr1 =
32 cm and Rt2 = Rr2 = 33 cm for D = 30 cm (Fig. 65(a)), and Rt1 = Rr1 = 42 cm
and Rt2 = Rr2 = 43 cm for D = 40 cm (Fig. 65(b)), respectively.
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Figure 65: The normalized theoretical and measured power delay profiles for the
300 GHz desktop LoS scenarios: (a) D = 30 cm (b) D = 40 cm.
Figures 65(a) and 65(b) show that the proposed model captures well the ampli-
tudes and the excess delays of the LoS and double-reflected multipath components for
the two distances. Measurements indicate that the signal power drops to a negligible
level after bouncing off the test head surfaces multiple times. Hence, it is sufficient for
the reference model to include only the single and double-reflected multipath compo-
nents. Note that a mismatch between the modelled and measured PDPs is observed
towards larger excess delays because the measurement has reached its noise floor,
while the model does not take into account the noise threshold of the receiver.
In addition to LoS desktop scenario, we also compare our measured and modelled
PDPs in a more realistic device-to-device communication scenario shown in Fig. 66(a),
where different objects, such as a book, a phone, a stack of paper, and a laptop, are
placed on a desk to obstruct the LoS between the Tx and the Rx. Figure 66(b) presents
the modelled and measured PDPs for the measurement setup of Fig. 66(a). The T-R
separation, D, is 55 cm, and other parameters are estimated using the methods from
[118] and [119] as follows: K = 0.5, ηSR = 0.3, and ηDR = 0.7, Rt1 = Rr1 = 10 cm,
and Rt2 = Rr2 = 50 cm. The random variables, Rt, Rr, αT , and αR, are assumed to
be uniformly distributed with the joint pdf of (46), and it has been proven that this
assumption is valid for the realistic desktop propagation environment with cluttered
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scatterers by observing a good match between the theoretical and measured PDPs in
Fig. 66(b).
(a)


















Figure 66: Realistic 300 GHz device-to-device desktop scenario with clutter: (a)
Measurement setup and (b) Comparison of measured and modelled PDP’s.
Another potential THz application is chip-chip communication, where ultra-wideband
channels over short distances are required. To illustrate validity of our model, we com-
pare our modeled PDP with the measured one for an NLoS scenario in a computer
motherboard environment, where a RAM module (DIMM) is placed perpendicularly
at the midpoint of the T-R separation distance, 23.5 cm, blocking the LoS. The mea-
surement setup and the PDPs are presented in Figs. 67(a) and 67(b), respectively.
The measured PDP shown in Fig. 67(b) shows two distinct paths reaching the Rx,
i.e., at τ = 0 ns τ = 0.93 ns. From the fact that the backside of the DIMM is
metallic, it can be concluded that the first arriving path at τ = 0 ns is the path
that diffracts off the top edge of the RAM (i.e. a single-reflected ray). On the other
hand, considering the geometry of the setup and the excess delay of 0.93 ns of the
second arriving path, it is reasonable to assume that the second path is the result of
two consecutive reflections off the Rx back panel and the back side of the DIMM (i.e.
double-reflected rays). The modelled PDP in Fig. 67(b), which accurately predicts
the excess delay and amplitude of the second arriving path, is produced with the
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following parameters: K = 0, ηSR = 0.45, ηDR = 0.55, D = 23.5 cm, Rt1 = 25.5 cm,
Rt2 = 26.5 cm, Rr1 = 11 cm, and Rr2 = 12 cm. As before, the estimation of K is
based on the method from [118], while that of other parameters are estimated using
the method in [119]. The Rician factor, K, of 0 agrees with intuition since there is
no LoS path in this scenario, and the estimated contribution factors, ηSR, ηDR, reveal
that the DR rays have slightly higher contribution to the total received power than
the SR rays.
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Figure 67: 300 GHz NLoS scenario in a computer motherboard environment with a
RAMmodule (DIMM) as an obstruction: (a) Measurement setup and (b) Comparison
of measured and modeled PDP’s.
Finally, we compare measured and modelled PDPs in a NLoS scenario, where a
cylindrical object, such as a coffee mug, obstructs the line of sight. The measurements
are collected in D-band [69] with a coffee mug obstructing the LoS between the Tx
and the Rx. The mug is placed at the midpoint of the T-R separation distance,
i.e., D = 35.56 cm. The measurement setup is shown in Fig. 68(a). In [69], for
this particular scenario, we have shown that the received power is a vector sum
of LoS, convex-surface-diffracted rays (i.e., single-reflected rays), and the double-
reflected rays (i.e., reflections inside the mug). For this scenario, the model parameters
are estimated as follows: K = 0.15, ηSR = ηDR = 0.5, Rt1 = Rr1 = 21.5 cm, and
Rt2 = Rr2 = 22.5 cm, using the methods from [118] and [119], respectively.
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Figure 68: D-band desktop NLoS scenario with cylindrical obstruction: (a) Measure-
ment setup and (b) Comparison of measured and modelled PDPs.
7.4 Simulation Model for Short-range Wideband sub-THz
Channels
The reference model for short-range wideband sub-THz channels described in Sec-
tion 7.2 assumes an infinite number of scatterers, which prevents practical implemen-
tation. It is desirable to design a simulation model with a finite (preferably small)
number of scatterers, while still matching the statistical properties of the reference
model.
The simulation model proposed in this chapter uses the statistical Sum-of-Sinusoids
(SoS) method, which generates the channel waveform by superimposing a finite num-
ber of properly selected sinusoids [108], i.e., LoS, Single-Reflected (SR), and Double-
Reflected (DR) components. Also, in this statistical SoS model, the parameter sets,
(Rt, Rr) and (αT , αR), are left as random variables that vary with each simulation
trial. Therefore, the statistical properties of the SoS model vary for each trial, but
converge to the desired properties when averaged over a sufficient number of simula-
tions.
Using the reference model in (38) with a finite number of scatterers and assuming
































jφLoSδ(τ − τLoS), (61)
where amplitudes and delays of SR, DR, and LoS components are defined in [69]. It
is assumed that the angles of departure (α
(l,m)
T ) and the angles of arrival (α
(p,q)
R ) are










(q + ψR − 1)(αR2 − αR1)
Q
+ αR1, (63)
for l = 1, ..., L,m = 1, ...,M , p = 1, ..., P , and q = 1, ..., Q. Furthermore, it is assumed















(p+ σR − 1)(R2r2 − R2r1)
P
+R2r1, (65)
for l = 1, ..., L, m = 1, ...,M , p = 1, ..., P , and q = 1, ..., Q. Finally, it is assumed
that the phases φl,m, φp,q, and φl,m,p,q are uniform random variables on the interval
[−π, π) that are independent from the angles of departure, the angles of arrival,
and the radii of the sectors. The parameters, σT , σR, ψT , and ψR, are independent
random variables uniformly distributed on the interval [0,1), such that a 2-D isotropic
scattering environment is ensured.
Figure 69 shows good agreement between the analytical and simulated correlation
functions for the scenario modelled with the following parameters: Rt1 = Rr1 =
0.16 m, Rt2 = Rr2 = 0.161 m, D = 0.3 m, θT = θR = 45
◦, K = 0.1, ηSR = 0.5, and
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ηDR = 0.5. The number of scatterers was L = M = P = Q = 4 and the correlation
functions are averaged over Nstat = 400 simulation trials. Corresponding PDPs are
compared in Figs. 70. The results show that the theoretical and simulated FCFs and
PDPs have a good match over a wide range of time delays.


























Figure 69: The theoretical and simulated frequency correlation functions for Rt1 =
Rr1 = 0.16 m, Rt2 = Rr2 = 0.161 m, θT = θR = 45
◦, K = 0.1, ηSR = 0.5, ηDR = 0.5,
and L =M = P = Q = 4
Finally, Fig. 71 presents the theoretical, measured, and simulated PDPs on the
same plot for the realistic 300 GHz desktop scenario shown in Fig. 66(a). For sim-
ulation, the same parameters that have been estimated for the theoretical PDP are
used, and the number of scatterers is set by the parameters, L = M = P = Q = 6.
All three PDPs are in a good agreement, which confirms the validity of the reference
model as well as the simulation model.
7.5 Summary
This chapter proposed a two-dimensional (2-D) geometrical propagation model for
short-range sub-THz device-to-device communications. Based on the geometrical
model, a parametric reference model for wideband sub-THz multipath fading channels
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Figure 70: The theoretical and simulated power delay profiles for Rt1 = Rr1 = 0.16 m,
Rt2 = Rr2 = 0.161 m, θT = θR = 45
◦, K = 0.1, ηSR = 0.5, ηDR = 0.5, and
L =M = P = Q = 4


















Figure 71: The measured, modelled, and simulated PDPs for the realistic 300-GHz
desktop scenario shown in Fig. 66(a).
is developed. From the reference model, the corresponding FCF and PDP are derived
and compared with measured data. The results show good agreement between the
measured and theoretical PDPs. Finally, a new sum-of-sinusoids based simulation
model for wideband sub-THz channels is proposed. The statistics of the reference
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model are verified by simulation. The results show that the simulation model is a
good approximation of the reference model.
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CHAPTER VIII
EMPIRICAL COMPARATIVE ANALYSIS OF INDOOR
PROPAGATION AT MM-WAVE AND THZ
FREQUENCIES: 30 GHZ, 140 GHZ, AND 300 GHZ
CHANNELS
8.1 Overview
While the THz band can offer an ultra-high data rate, the channel suffers from in-
herently high free-space path loss due to its dependence on frequency, and therefore,
is limited in propagation distance. NLoS propagation is even more problematic at
THz frequencies, unless it is directed, or guided, by reflections. It has been recently
shown that new mm-Wave broadband cellular communication networks (5G) can be
realized at frequencies 28 GHz and 38 GHz, where the available bandwidth is signifi-
cantly less compared to THz bands (i.e., 1 GHz [65] vs. tens of GHz), with steerable
directional antennas at base stations and mobile devices [65]. By moving down to
a lower spectrum (i.e., mm-Wave band), where frequencies are more congested, the
channel can cover a longer range in the LoS case, and undergo less penetration losses
in an NLoS environment at the expense of bandwidth. Therefore, a topic that de-
serves attention is to investigate this trade-off between range and bandwidth through
a comparative analysis of propagation mechanisms in mm-Wave channels and those
in THz channels, which, to the best of author’s knowledge, has not been reported in
the open literature. We propose to compare the same indoor scenarios measured at
D-band and 300 GHz with 30 GHz channel measurements.
Different path loss parameters and power delay profiles are expected for 30 GHz
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channels because of the richer multipaths due to the wider beamwidth of the antennas
and different reflection/penetration losses. Therefore, in this chapter, 30 GHz mea-
surements in various indoor scenarios (e.g., LoS, OLoS, and RNLoS) are performed,
and their characterization results in terms of path loss (i.e, path loss exponent and
standard deviation) and multipath propagation (i.e, RMS delay spread and coherence
bandwidth) are compared with those obtained for 300 GHz and D-band channels in
Chapter 4 and 5.
The remainder of this chapter is organized as follows: Section 8.2 describes the
equipment and the antennas used in the measurements, and Section 8.2.2 presents the
measurement scenarios, in which 30 GHz, D-band, and 300 GHz are compared. Sec-
tion 8.3 will provide the details of comparative analysis of the three frequency bands
in terms of path loss, shadowing, and multipath propagation for each measurement
scenario described in Section 8.2.2, and finally, Section 8.4 provides some concluding
remarks.
8.2 Measurement Setup
The same equipment, namely, the N5224A PNA vector network analyzer, as in the
300 GHz measurement presented in Chapter 4 has been used for 30 GHz channels.
In this measurement campaign, however, instead of the Tx and Rx modules that
featured frequency converters and mixers, the input signal from the VNA is directly
fed into the horn antenna. An input signal bandwidth of 13.5 GHz around the center
frequency of 33.25 GHz (i.e., f = 26.5 GHz–40 GHz) is used. The input power level is
0 dBm, and an IF bandwidth of 100 kHz has been chosen, providing a dynamic range
of approximately 80 dB. The number of sweep points is set to 801. All measurement
parameters used in this chapter are summarized in Table 14.
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Table 14: Measurement parameters.
Parameter Symbol Value
Measurement points N 801
Intermediate frequency bandwidth f 100 kHz
Average noise floor P -82 dBm
Input signal power P 0 dBm
Start frequency f 26.5 GHz
Stop frequency f 40 GHz
Bandwidth B 13.5 GHz
Time domain resolution t 0.074 ns
Maximum excess delay 59 ns
8.2.1 Antenna Characteristics
A WR28 pyramidal horn with gain that varies from 10 dBi at 26.5 GHz to 13.5 dBi
at 40 GHz has been used. Both Tx and Rx antennas are vertically polarized and have
HPBW of 56◦ in both the E-plane and H-plane at 26.5 GHz, and it decreases to 33◦
at 40 GHz. The antenna’s VSWR is less than 1.3 at all frequencies.
Furthermore, the antennas have side-lobes that are at least 25 dB below the main
beam at all frequencies of interest in the H-plane, while they can get as high as 15 dB
in the E-plane between 36–37.5 GHz. The effect of these sidelobes is addressed in a
RNLoS propagation environment, which will be presented later in this chapter.
8.2.2 Measurement Scenarios
For the purpose of comparative analysis, the 30 GHz wireless channels have been
subject to the same measurement scenarios described in Section 5.2.3, namely, LoS,
OLoS, and RNLoS. Due to much wider beamwidths of the antennas, however, the
ground reflection was a greater concern for 30 GHz channels. Therefore, for the LoS
measurement, as shown in Fig. 72(a), the Tx antenna has been fixed on the edge of a
desk, while the Rx antenna has been mounted on a movable cabinet of equal height.
Also, to suppress reflections from the metallic surface of the cabinet as well as the




Figure 72: Photographs of measurement scenarios: (a) LoS; (b) OLoS, glass as ob-
struction; (c) Reflected NLoS, cardboard as reflector.
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Fig. 72(a). The cylinder-obstructed LoS (OLoS) and RNLoS measurement setups are
presented in Fig. 72(b) and 72(c), where effects of ground reflection have also been
eliminated by elevating the antennas sufficiently and using the absorbers.
Considering the longer range of 30 GHz band indoor channels, the LoS T-R sep-
aration distance has been varied from 10 cm to 190 cm in 5 cm increments. For the
OLoS scenario, three cylindrical obstructions of the same material as in the D-band
OLoS measurements (i.e., glass, plastic, and ceramic) have been used, and T-R sep-
arations are varied in identical manner as in the LoS scenario. Each obstruction is
placed such that the cylinder’s center coincides with the midpoint of the separation
distance. Further, a diffraction measurement has also been performed for 30 GHz
OLoS channel with a similar measurement setup as the one presented in Section 5.6,
where the cylinder obstruction is pulled away along the path orthogonal to the LoS.
For this measurement, the T-R separation was set to 40 cm, and the cylinder has been
orthogonally offset in 5 mm increments from 0 to 180 mm. In the RNLoS scenario, the
same materials as in D-band RNLoS channels (i.e., Aluminum plate and cardboard)
are considered to facilitate the comparative study. By varying the angular position of
the Rx (i.e., 0
◦ ≤ φR ≤ 90◦ in Fig. 72(c)), while keeping the Tx position fixed (i.e.,
φT = 45
◦), the tolerable Rx angular offset range, where the coherence bandwidth stays
sufficiently high, has been investigated. For RNLoS, the LoS separation distance was
fixed to 92 cm. Finally, reflection coefficient magnitudes of the different materials
at 30 GHz have also been measured and compared with those at 300 GHz using the
similar setup described in Section 6.3.3. Here, the incident angle (i.e., 90◦ − φT ) and
the reflected angle (i.e., 90◦ − φR) are equally varied from 0◦ to 90◦, while the total
propagation distance is fixed at 130 cm, and the variation in the magnitude of the
reflection coefficient is measured with respect to the angle for different materials.
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Figure 73: 30 GHz LoS path loss measurements in (a) frequency and (b) distance
domains.
8.3 Results and Analysis
8.3.1 LoS Comparison
Figures 73(a) and 73(b) present the measured 30 GHz LoS path loss plots in the
frequency and distance domains, respectively. Figure 73(a) shows close matches be-
tween the measured and theoretical path losses for several different T-R separations.
Also, it is observed from Fig. 73(b) that, due to effective elimination of reflections,
including one from ground, an almost perfect linear regression fit has been achieved
between the measured and modelled log-distance path losses for the 30 GHz LoS
channel.
Table 15: 30 GHz/D-band/300 GHz Path Loss Parameters in LoS environment
30 GHz D-band 300 GHz
PLE, 1.9815 1.97 1.927
Std. Dev., 0.033 dB 0.12 dB 0.67 dB
PL0 (d0=10 cm) 43 dB 55.5 dB 62.8 dB
Table 15 compares the path loss parameters found in the three bands: 30 GHz
band, D-band, and 300 GHz band. For all three bands, a path loss exponent that is
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very close to 2 has been found, and the smallest standard deviation, σ, is obtained
for the 30 GHz band due to the complete absence of ground reflection, as shown in
Fig. 73(b). In addition, the significance of T-R misalignment is less pronounced for
30 GHz LoS channels than the other two bands because of the wider beamwidths of
the antennas, which have contributed to the small standard deviation as well. Note
that the reference distance has been set to 10 cm to accommodate the short-range
indoor environment.
Table 16: 30 GHz/D-band/300 GHz Multipath Parameters in LoS environment
Distance
[cm]













5 88.12 1.806 - - 105.56 1.508
10 99.82 1.594 - - 145.77 1.092
15 106.14 1.499 - - 223.96 0.711
20 111.94 1.422 - - 275.39 0.578
25 115.92 1.373 - - 325.23 0.489
30 135.11 1.178 - - 401.29 0.397
35 142.80 1.115 12.00 13.263 426.28 0.373
40 155.88 1.021 11.89 13.386 506.99 0.314
45 167.48 0.950 11.66 13.650 561.30 0.284
50 182.76 0.871 10.09 15.774 566.14 0.281
55 188.26 0.845 12.84 12.395 626.54 0.254
60 190.06 0.837 8.96 17.763 - -
65 205.89 0.773 13.44 11.842 - -
70 220.80 0.721 9.41 16.913 - -
75 235.12 0.677 10.03 15.868 - -
80 237.43 0.670 15.97 9.966 - -
85 262.48 0.606 10.72 14.847 - -
90 263.06 0.605 - - - -
95 284.74 0.559 - - - -
100 294.55 0.540 - - - -
A comparison of the LoS channel’s multipath propagation at 30 GHz, D-band,
and 300 GHz is presented in Table 16, where RMS delay spreads (Eq. (4.3.2)) and
coherence bandwidths (Bc = 1/(2π∗τrms)) of the LoS channels in the three bands are
found from the measured multipath intensity profiles for different T-R separations.
For the comparison to be feasible, a common noise threshold of −70 dB is applied
to all three frequency bands. It is observed from the table that the least RMS delay
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spreads, and therefore, the widest coherence bandwidths, are obtained for D-band
LoS indoor channels, followed by the 30 GHz and 300 GHz bands. While a general
trend of increasing delay spread as T-R separation increases is observed in 30 GHz
and 300 GHz LoS channels, D-band’s τrms fluctuates around the average value of
11.5 ps for the considered separation distances.
8.3.2 OLoS Comparison
Figure 75 shows the measured path losses in the frequency domain (Figs. 75(a),75(c),
and 75(e)) and distance domain (Figs. 75(b),75(d), and 75(f)) for the 30 GHz channels
obstructed by the three cylindrical obstructions: a glass, a plastic cup, and a ceramic
mug. On Figs. 75(b),75(d), and 75(f) are also shown linear regression fits through
the scattered path loss measurements at each T-R separation distance as well.
For the ease of comparison, the scatter plots and regression fits of the three cylin-
ders are plotted on the same graph for 30 GHz band and D-band, which are shown
in Figs. 74(a) and 74(b), respectively, and the parameters obtained from each re-
gression fit are summarized in Table 17. Please note that, for the distance-domain
path loss parameters (i.e., γ, σ, PL0), the frequency-averaging windows of 13.5 GHz
(26.5 GHz–40 GHz) for 30 GHz band and 60 GHz (110 GHz–170 GHz) for D-band
have been selected, except for the case of ceramic-obstructed D-band channel, in
which the path loss variation with respect to frequency is significant, i.e., more than
25 dB (Please refer to Fig. 31(e)). Therefore, for this particular D-band scenario, an
averaging window of 10 GHz from 110 GHz to 120 GHz, within which the measured
path loss is considered constant, is used.
From Fig. 74, it is evident that the highest attenuation is caused by ceramic,
followed by glass and plastic, in both 30 GHz and D-band. From Table 17, a similar
trend of increasing γ and σ, in the order of plastic, glass, and ceramic, is observed
in the two bands, in accordance with the order of increasing path loss. For D-band
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Figure 74: Measured scatter path losses and regression fits for plastic, glass, and
ceramic on a single plot in (a) 30 GHz band and (b) D-band.
Table 17: 30 GHz/D-band Path Loss Parameters in OLoS environment with Cylinders
of Different Materials
Glass Plastic Ceramic
30 GHz D-band 30 GHz D-band 30 GHz D-band
2.7733 2.9519 2.0377 1.8964 2.7767 2.2351
0.5658 dB 1.3418 dB 0.3739 dB 0.3757 dB 0.9425 dB 1.2502 dB
PL0 (d0=10 cm) 42.53 dB 55.41 dB 42.82 dB 58.41 dB 45.60 dB 64.90 dB
ceramic, however, a γ that is lower than that of glass is obtained, although the signal
obstruction by ceramic is greater than that by glass, as observed in Fig. 74(b). This
can be explained by the existence of surface-diffraction in the ceramic-obstructed
D-band channel, as it has been proven in Section 5.6. It is also observed from the
table that the shadowing variance is greater in the D-band compared to the 30 GHz
band for all three materials. The observations from Fig. 74 and Table 17 lead to the
conclusion that the relative transparency of the three materials are equal in 30 GHz
and D-band OLoS channels (i.e., path loss increases in the order of plastic, glass, and
ceramic in both bands), and they exhibit similar large-scale characteristics in terms
of γ, while generally higher σ has been obtained in D-band.
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By comparing the differences between the measured path losses and the theoret-
ical free-space path losses at given distances for each material (Figs. 75(a), 75(c),
and 75(e)), it is observed that plastic has almost no penetration loss and minimal
frequency-dependence in its path loss at 30 GHz. Evidently, the penetration loss and
frequency-dependence increase for glass and ceramic as for the D-band OLoS scenar-
ios, but comparison between Figs. 75 and 31 indicates that all three materials are
much more penetrable in 30 GHz band than they are in D-band, which is especially
true in the case of ceramic. For the purpose of complete comparative analysis of
OLoS propagation in the two bands, it is also necessary to investigate the presence
of diffraction at the curvature of cylinder surface by applying the Uniform Theory of
Diffraction (UTD) once again to the 30 GHz OLoS channel, as it has been done in
D-band in Section 5.6.
Figure 77 presents the measured and UTD modelled diffraction loss curves with
respect to the orthogonal offset distance of the cylindrical obstruction for 30 GHz,
D-band, and 300 GHz channels. For UTD modelling, the obstructing cylinder was a
ceramic mug for the 30 GHz and D-band channels, while, for 300 GHz, due to limited
beamwidth and propagation distance, the mug’s diameter of 8.5 cm was too large for
the diffraction to occur. Therefore, a much thinner metal pipe with 1.6 cm of diameter
has been used for 300 GHz OLoS channel’s diffraction measurement, whose setup is
shown in Fig. 76. The same procedure as in Section 5.6 was followed to obtain the
measured diffraction loss at the 30 GHz and 300 GHz bands, and their mathematical
UTD models have been found by applying the same theoretical details presented in
Appendix A. One of the main observations from the comparison presented in Fig. 77
is that the measurement and UTD curves match with great precision for D-band and
300 GHz, whereas the degree of matching drops slightly for the 30 GHz channel,
especially in the Shadow Region. This is due to the fact that the contribution from
the ray component that penetrates the cylinder is higher for the lower 30 GHz band
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Figure 75: Measured path losses in the frequency and distance domains for 30 GHz
OLoS channels obstructed by: (a),(b) a glass, (c),(d) a plastic cup, and (e),(f) a
ceramic mug.
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Figure 76: Diffraction measurement setup for the 300 GHz OLoS channel with a thin
metal pipe as the cylindrical obstruction.
when compared to the other two bands. Therefore, it is observed from Fig. 77(a)
that the measured diffraction gain is higher than that modelled with UTD, which
does not take into account the fields that propagate through the cylinder obstruction.
Another observation is the “dip” that appears near the shadow boundary in the
measured diffraction gain curves in Figs. 77(a) and 77(b). The “dip”, or the abrupt
increase in diffraction loss, results from the thickness of the mug’s wall. In other
words, when the offset distance approaches the value, at which LoS is tangent with
the cylinder, the waves have to propagate the longest distance through the ceramic
material, and therefore, undergo the largest attenuation. On the other hand, in the
UTD model, the thickness of the cylinder wall is not considered, which explains why
the “dip” is absent in the UTD diffraction gain curves. For the 300 GHz OLoS
channel (Fig. 77(c)), however, the “dip” is not observed in the measurement, and
that is because the thickness of the pipe was less than the increment of the mug offset
(i.e., 1 mm), such that the measurement instance did not capture the moment when
the “dip” occurred.
Finally, Table 18 compares the measured RMS delay spreads and the coherence
145
















































































Figure 77: Measured and UTD modeled diffraction gain curves at the center frequen-
cies of the three bands: (a) fc = 33.25 GHz, (b) fc = 140 GHz, and (c) fc = 307 GHz.
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bandwidths of 30 GHz band and D-band for several different T-R separation distances
when the channels are obstructed by the three cylinders: a glass, a plastic cup, and
a ceramic mug. Note that the 300 GHz band has been excluded from the compar-
ison in this particular OLoS scenario since the signal attenuation by the cylindrical
obstruction is too large for a viable connection. From Table 18, it is evident that the
RMS delay spreads for the 30 GHz band are larger than those for D-band. Also, for
D-band, ceramic mug has clearly the highest RMS delay spread, and therefore, the
lowest coherence bandwidth, followed by the glass and plastic cup, whereas, for the
30 GHz band, the ceramic mug, although not by as much difference as in D-band,
still shows a generally higher RMS delay spread than the other two materials that
have comparable RMS delay spreads and coherence bandwidths. When compared
with the LoS scenario with equal separation, as shown in the table, the increase in
the RMS delay spreads of the OLoS scenario is much greater in D-band, especially
for glass and ceramic, which indicates that the cylinders appear more disruptive to
D-band signals than they do to the 30 GHz band. Nevertheless, it is observed from
the table that coherence bandwidths are still much higher in D-band compared to the
30 GHz band.
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35 335 0.475 31.86 4.99 199 0.801 14.40 11.05 197 0.809 76.60 2.078 143 12.0
40 197 0.806 44.13 3.61 170 0.935 15.50 10.27 286 0.556 76.11 2.091 156 11.9
55 213 0.746 45.55 3.49 221 0.720 23.74 6.70 360 0.442 62.87 2.532 188 12.8
60 238 0.670 31.65 5.03 239 0.665 21.46 7.42 429 0.371 61.77 2.576 190 8.96
75 333 0.478 57.17 2.78 269 0.591 10.85 14.68 407 0.391 54.86 2.901 235 10.0
8.3.3 RNLoS Comparison
Figure 78 presents the measured path loss curves for the RNLoS scenario shown in
Fig. 72(c) when the receiver angle, φR is varied between 0
◦ and 90◦, while φT is
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Figure 78: Measured path losses in frequency domain in 30 GHz RNLoS channels
with two different reflecting surfaces: (a) Aluminum plate and (b) Cardboard, when
receiver angle is varied between 0◦ and 90◦, and transmitter angle is fixed at 45◦.
fixed at 45◦, for the same reflecting surfaces used in D-band RNLoS measurement
(Section 5.5), i.e., Aluminum and cardboard. The figure also compares the measured
curves with the theoretical Free-Space path loss calculated for the LoS distance of
92 cm. The first observation from the figure is that, for the Aluminum plate, as
in D-band, the lowest path loss, or the maximum received power occurs under the
condition, φT = φR = 45
◦, and the path loss increases as the angle deviates from
45◦. On the other hand, for cardboard, the maximum transfer of transmitted power
does not occur at φT = φR = 45
◦, but when φR = 0
◦. The reason for this will
become apparent later in this subsection. The second observation is the ripples in the
measured path losses; The ripples result from the interference between the LoS path
and the reflected path, and their peak-to-peak variation increases as the amplitude
of the two paths become comparable. The effect of this interference is much more
pronounced for the 30 GHz channel than the D-band or 300 GHz channels because of
the wider beamwidths of the antennas. In Fig. 78(a), it is observed that the ripples
are deepest for φR = 0
◦ because the LoS path is strongest at this angle when the
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Figure 79: Measured power delay profiles in 30 GHz RNLoS channels with two differ-
ent reflecting surfaces: (a) Aluminum plate and (b) Cardboard, when receiver angle
is varied between 0◦ and 90◦, and transmitter angle is fixed at 45◦.
Rx antenna is pointed towards the Tx antenna. As φR increases, the LoS path gets
weaker, and the ripples also fade away as observed in Fig. 78(a). How the amplitude of
the LoS path changes with respect to the reflected path as the receiver angle increases
can be observed from the PDPs, which are presented in Fig. 79(a) for the Aluminum
plate. It is apparent from Fig. 79(a) that, at φR = 0
◦, the LoS path is actually
stronger than the reflected path by about 3.5 dB. The PDPs for the cardboard are
shown in Figure 79(b), from which it is observed that, at φR = 0
◦, the LoS path is
much stronger than the reflected path due to the low reflectivity of the cardboard.
Therefore, for the cardboard, the path loss is lowest when the LoS path is dominant
in the channel (i.e., φR = 0
◦) as shown in Fig. 78(b). Figure 79(b) also shows that
the strengths of LoS and reflected paths become almost equal at φR = 45
◦, beyond
which the reflected path now becomes the dominant component in the channel.
Table 19 compares the multipath parameters measured in the three frequency
bands of interest for this particular RNLoS channel, where receiver angle changes
while transmitter is fixed, with Aluminum and cardboard as reflecting surfaces. Note
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Table 19: 30 GHz/D-band/300 GHz Multipath Parameters in RNLoS environment
with Different Reflecting Materials
R
30 GHz D-band 300 GHz































0 861 0.185 1037 0.154 312.9 0.509 - - 3634 0.044 - -
10 688 0.231 952 0.167 311.2 0.511 - - 3601 0.044 - -
35 378 0.421 1256 0.127 9.36 17.00 36.84 4.32 10.03 1054 0.151 2664 0.060
37.5 - - - - - - - - 1020 0.156 2432 0.065 553
45 350 0.454 1609 0.099 263 - - - - 1728 0.092 2894 0.055
60 402 0.396 2326 0.068 26.97 5.901 - - 3548 0.045 3731 0.043
65 434 0.367 2913 0.055 - - - - 3487 0.046 3381 0.047
70 486 0.327 3282 0.049 - - - - 3734 0.043 - -
90 1324 0.120 4429 0.036 678.5 0.235 - - - - - -
that the angle of specular reflection, or the angle that the Tx is fixed at, is 45
◦, 35◦, and
37.5◦ for the 30 GHz, D-band, and 300 GHz channels, respectively. All three bands
show a similar pattern, where the least RMS delay spread, i.e., the widest coherence
bandwidth, is achieved at the angle of specular reflection (i.e., φT = φR), while
it decreases as the receiver angle deviates from the transmitter angle. However, for
30 GHz RNLoS channel with cardboard as the reflector, a wider coherence bandwidth
is achieved for a smaller receiver angle due to the existence of the dominant LoS
path. This also indicates the fact that when the reflecting surface has low reflection
coefficient, the LoS path, despite the angular offset as big as 45◦ between Tx and Rx,
can be a more reliable link than the perfectly aligned (i.e., φT = φR) reflected path.
Furthermore, Table 19 shows that, under specular reflection, the RNLoS channel with
the metal plate as the reflector has about 4 times wider coherence bandwidth than
that with the cardboard for the 30 GHz band and D-band, while, for the 300 GHz
band, the maximum coherence bandwidth with the Aluminum plate is only about
twice as wide as that with the cardboard. It can also be found from the table that
the tolerable receiver angle deviation from the transmitter angle that results in a
coherence bandwidth reduction of no more than 50 % is around ±25◦, ±10◦, and
±7.5◦ for 30 GHz, D-band, and 300 GHz RNLoS channels, respectively. Finally,
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Table 19 also compares the RNLoS RMS delay spreads with those of LoS link with
an equal T-R separation for each band. The comparison indicates that, although the
delay spread is slightly higher, the RNLoS link is almost as reliable as the LoS for all
three bands, especially when the reflecting surface is metallic and the receiver angle
equals the transmitter angle.
For the RNLoS channel, it is also important to characterize the reflectors in terms
of their reflection coefficient, especially for 30 GHz channels that could have a much
stronger LoS path than the reflected path when the reflectivity of the material is low,
as has been shown in the case of cardboard. Therefore, the reflection coefficient mag-
nitude of different materials has been measured using Eqs. (36) and (37) in 30 GHz
band, and is plotted with respect to the incident angle in Fig. 80(a) for three ma-
terials: Copper plate, cardboard, and wood. In Fig. 80(b), reflection coefficients of
the same materials are also measured in the 300 GHz band to compare the reflective
characteristics of the materials in the two bands. Note that for the calculation of
reflection loss in Eq. 37, the measured frequency response is averaged across the full
bandwidths of the 30 GHz and 300 GHz bands.
From Fig. 80(a) and 80(b), it is observed that the metal is a slightly better reflec-
tor in the 30 GHz band, whereas the non-conducting materials, such as cardboard
and wood, have slightly higher reflection coefficient magnitudes in the 300 GHz band.
Note that the LoS path also affects the reflection coefficient measurement since its
interference with the reflected path causes the measured frequency response to rip-
ple, and when averaged across the entire measured bandwidth, it can lead to false
reflection losses. This is why, in Fig. 80(a), the |Γ| starts to increase for cardboard
and wood, and fluctuation in the reflection coefficient starts to appear for metal
beyond 55◦, at which the LoS path’s amplitude becomes comparable with that of
the reflected path and the ripples in the measured S21 becomes significant. For the
300 GHz channel, on the other hand, not only the antenna’s mainlobe is very narrow,
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but the sidelobes are also negligibly small compared to the mainlobe, and therefore,
the interference from the LoS path is absent. Hence, in Fig. 80(b), the |Γ| values are
valid for a wider range of incident angles (i.e., upto 85◦) than the 30 GHz channel.
Another observation from the 300 GHz reflection coefficients (Fig. 80(b)) is that, for
the Aluminum plate, |Γ| starts high near 1 and decreases to about 0.7 at 85◦, while,
for wood, it behaves in completely opposite fashion, i.e., starts low around 0.2 and
increases to 0.6 towards a higher incident angle. Also, the reflection coefficient of
cardboard is fairly constant at around 0.16 for all incident angles (i.e., from 15◦ to
50◦) in the 30 GHz band, whereas, in the 300 GHz band, it is as low as 0.24 at 20◦
and increases with the incident angle.


























Figure 80: Magnitude of reflection coefficient for Aluminum plate, Cardboard, and
Wood in (a) 30 GHz and (b) 300 GHz bands.
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8.4 Summary
This chapter has presented the empirical comparative analysis among the three fre-
quency bands that have potential usage for future indoor THz device-to-device wire-
less channels due to wide bandwidths available, namely, the 30 GHz band (26.5 GHz–
40 GHz), the D-band (110 GHz–170 GHz), and the 300 GHz band (300 GHz–
320 GHz). The comparison has been made in large-scale (i.e., path loss characteriza-
tion in frequency and distance domains) and small-scale (i.e., multipath characteriza-
tion with power delay profiles) in three different indoor scenarios: LoS, Obstructed-
LoS (OLoS), and Reflected-Non-LoS (RNLoS). In the LoS environment, it has been
found that all three bands exhibit path loss exponents that are very close to 2, while
the standard deviation of shadow fading increases as the band moves up the frequency
spectrum because of the difficulty in T-R alignment due to narrower beamwidth.
Small-scale comparative analysis reveals that D-band has the smallest RMS delay
spread (i.e, widest coherence bandwidth) in the LoS channel, followed by the 30 GHz
and 300 GHz bands. In the OLoS environment, three cylinders of different mate-
rials, glass, plastic, and ceramic, have been used as the obstruction for the three
bands. Large-scale comparative analysis of 30 GHz and D-band OLoS channels has
revealed that, while standard deviation of shadow fading is greater in D-band, the two
bands exhibit similar path loss exponents for each material, except for the ceramic,
in which case the presence of surface-diffracted rays has resulted in lower path loss
exponent in D-band. The application of UTD has also revealed that, unlike D-band,
the diffracted ray is not a dominant ray component in the 30 GHz ceramic-obstructed
channel. While the 300 GHz band suffers from significantly high path losses with the
cylinders, UTD has also shown that, when the diameter of the cylindrical obstruction
is properly scaled down to accommodate the narrow beamwidth, diffraction at the
cylinder’s convex surface can occur in the 300 GHz band as well. Furthermore, while
coherence bandwidths for the three materials are comparable (few hundreds of MHz)
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in the 30 GHz band, GHz-range coherence bandwidths that are highest for plastic,
followed by glass and ceramic, are measured in the D-band. Finally, in an RNLoS
environment, the wider beamwidth and higher sidelobes of 30 GHz antennas result in
the existence of an LoS path even at the perfect angular alignment (i.e., φT = φR),
and for a reflective surface, such as a metal plate, the LoS path’s interference with the
reflected path leads to the fluctuation in path loss in frequency domain. Coherence
bandwidths are widest when the receiver angle equals the transmitter angle for all
three bands for the metal reflecting surface, although, for the 30 GHz RNLoS channel,
when the reflectivity of the surface is poor, the LoS path with T-R angular misalign-
ment as large as 45◦ can have a wider coherence bandwidth than the perfectly aligned
reflected path. Under the condition φT = φR, reflection off the metallic surface has
resulted in about 4 times wider coherence bandwidth than cardboard in the 30 GHz
band and D-band, while it was twice as wide as cardboard in the 300 GHz band.
For a good reflector (i.e, Copper or Aluminum), the tolerable receiver angle deviation
from the transmitter angle that resulted in a coherence bandwidth reduction of no
more than 50 % has been found to be around ±25◦, ±10◦, and ±7.5◦ for 30 GHz, D-
band, and 300 GHz RNLoS channels, respectively. Lastly, the measured magnitudes
of reflection coefficients for the three materials, Aluminum, Cardboard, and Wood,
show generally more consistent coefficients with respect to the incident angle in the
30 GHz band compared to the 300 GHz band for all three materials. For metal,
the coefficient magnitude is higher at 30 GHz, whereas, for the non-conductors, it is
slightly lower at 30 GHz than 300 GHz.
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CHAPTER IX
RESEARCH CONTRIBUTIONS AND FUTURE
RESEARCH DIRECTIONS
9.1 Research Contributions
The contributions of this research are summarized as follows:
1. A double-sided Linearly-Tapered Slot Antenna (LTSA) that operates at the
300 GHz band has been designed simulated, and fabricated on a low-K mate-
rial, RT Duroid 5880. The fabricated antenna has been used in the 300 GHz
transmission system in replacement of the horn antennas, and a simple post-
processing of the measured transfer function has been used to obtain the gain
and return loss of the fabricated LTSA. Average gain of 13 dBi and S11 below
−10 dB across the measured bandwidth between 305 GHz and 320 GHz are
achieved, which has shown the possibility of a classical broadband antenna’s
operation at THz frequencies, while maintaining its high-gain and wideband
characteristics. [66]
2. 300− 320 GHz LoS and NLoS desktop channel measurements are used for the
large-scale (i.e, path loss, shadowing) and small-scale (i.e., RMS delay spread
and coherence bandwidth) characterization the THz channel. For LoS, a path
loss exponent around 1.9 and a standard deviation of 0.67 dB contributed by the
difficulty in T-R alignment are found. For NLoS, it is found that metal causes
the highest path loss, followed by FR4 and plastic. From small-scale character-
ization, the mean excess delay and rms delay spread increase with distance and
the rms delay spread in a desktop THz channel is found to be much smaller
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than in typical indoor ultra-wideband channels. In addition, the LoS power
delay profiles show strong reflections from the transmitter electronics that can
significantly reduce the channel coherence bandwidth. Finally, the statistical
analysis of the measured signal amplitude in LoS and NLoS environments is
performed. For both LoS and NLoS propagation environments, it is found that
a lognormal distribution provides the best fit. [67], [68]
3. The channel measurement and characterization in large- and small-scale have
also been performed at D-band in more diverse indoor scenarios, including LoS,
Cylinder-Obstructed LoS (OLoS), and Reflected-NLOS (RNLoS) environments.
D-band LoS channel also has a path loss exponent close to 2 and a very small
standard deviation of 0.12 dB. Wide coherence bandwidths in the GHz range
are found for LoS links with T-R separation less than 1 m. For NLoS mea-
surements (i.e, OLoS and RNLoS), path loss measurements have revealed the
penetration and reflection losses of objects of different shapes (i.e., cylinders
and large panels) and materials (i.e, glass, plastic, ceramic, cardboard, metal,
etc.). Especially, in a cylinder-obstructed LoS scenario, it has been found that
the received power is not only contributed by the EM waves that penetrate
the cylinder, but also by the creeping waves that travel around the cylinder
through diffraction at its convex surface for ceramic material. The existence
of surface-diffracted rays has been confirmed by modelling the diffraction loss
caused by the cylindrical obstruction with the Uniform Theory of Diffraction
(UTD). Path loss exponents greater than 2 are found in OLoS environments,
and the exponent increases in the order of plastic, glass, and ceramic. Coher-
ence bandwidth for plastic is comparable with that of LoS, while it drops to few
GHz for glass and ceramic. In an RNLoS environment, the reflective character-
istics of Aluminum and cardboard are compared through measured path losses
of the reflected signals, whose RMS delay spread is found to increase rapidly as
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the reflection angle deviates from the incident angle with an Aluminum plate
as the reflecting surface. [69], [70], [71]
4. 300 GHz Chip-to-Chip channels in a unique propagation environment of a com-
puter motherboard that has high density of scatterers and diversity of materials,
including FR4, copper, lead, silicon, etc. It is found that the antenna height
above the board surface and the roughness and material composition of the
board section where ground reflection occurs can affect the LoS path loss by
as much as 3 dB. On a motherboard, signals can also propagate between two
vertically inserted components, such as RAMs and graphic cards, and the con-
structed or destructive interference between the direct LoS and the path bounc-
ing between the two surfaces can decrease or increase the path loss. Further,
signals can reflect off the front and back surfaces of the vertical components
when an LoS path is unavailable, and it has been found that the back surface
of the RAM module is an excellent reflector with a reflection coefficient close to
1, while that of the front surface varies significantly depending on the incident
angle due to components of diverse shapes and materials. It follows that the
signals reflecting off the back surface of the RAM has 3 times wider coherence
bandwidth than the front surface when incident and reflection angles are equal.
For the front surface, a reflection angle that is off by 2◦ from the incident angle
can result in a 99 % reduction in coherence bandwidth, while the back surface
has higher tolerance to reflection angle deviation (6◦–7◦). All these results have
confirmed the possibility of reliable THz links for chip-to-chip wireless commu-
nications on a computer motherboard with coherence bandwidths as wide as
tens of GHz, while careful positioning of antennas with respect to motherboard
layout is necessary for an optimal channel environment. [72], [73]
5. A 2-D geometry-based statistical channel model has been devised for indoor
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short-range THz channels. The data collected from the measurement campaigns
conducted in D-band and the 300 GHz band are used to validate the model.
The analytically derived frequency auto-correlation function of the channel is
inverse Fourier transformed to obtain the power delay profile, which are then
compared with the measured ones in LoS and NLoS scenarios from the two THz
bands. Approximated frequency correlation functions that bypass the numeri-
cal evaluation of integrals that do not have closed-form solutions along with the
conditions required for the approximation to be valid are also provided. Fur-
thermore, to overcome the impracticality of the mathematical reference model
that assumes an infinite number of scatterers, a simulation model based on the
Sum-of-Sinusoids (SoS) method is used, such that statistical properties of the
reference model can be realized with a finite number of scatterers. The three
PDPs, i.e., analytical, measured, and simulated, are compared with one another
for a number of measurement scenarios from the THz bands, and good match
among them is achieved for all the scenarios, validating the proposed reference
model as well as the simulation model. [74], [75]
6. The indoor measurement campaigns conducted in D-band and the 300 GHz
band have been replicated at a lower spectrum centered at 33.25 GHz, which
is a potential sub-THz band for the next generation mobile network. The first
obvious advantage of 30 GHz band is the longer distance the signal can propa-
gate due to lower free-space path loss. Further, the beamwidth of the 30 GHz
horn antenna that is much wider than those of the other two bands allows for
minimal standard deviation in an LoS scenario since path loss variation from
T-R misalignment is minimized. In an OLoS environment, for cylinders of the
three materials, glass, plastic, and ceramic, the shadowing standard deviation
is smaller in the 30 GHz band, while its path loss exponents are comparable to
those in D-band with the exception of ceramic, for which a lower γ is obtained in
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D-band due to the presence of surface-diffracted rays. While the ceramic mug’s
dimensions were too large for 300 GHz waves to diffract at the cylinder’s convex
surface, application of the UTD to a 30 GHz OLoS channel has revealed that
the rays penetrating the cylinder, rather than those diffracting at its surface,
are dominant at 30 GHz. Furthermore, small-scale characterization has shown
much higher RMS delay spreads for all three cylinders at 30 GHz compared to
D-band. Finally, in an RNLoS environment, the wider beamwidth and higher
sidelobes of 30 GHz antennas result in the existence of an LoS path even at
the perfect angular alignment (i.e., φT = φR), and for a reflective surface, such
as a metal plate, the LoS path’s interference with the reflected path leads to
the fluctuation in path loss in the frequency domain. As observed in the two
THz bands, the RMS delay spread is highest when the receiver angle equals the
transmitter angle for the 30 GHz band as well for the metal reflecting surface.
However, for the 30 GHz RNLoS channel, when the reflectivity of the surface
is poor, an LoS path with T-R angular misalignment as large as 45◦ can have
a wider coherence bandwidth than the perfectly aligned reflected path. When
reflection angle equals incident angle, a metal surface has resulted in about
4 times wider coherence bandwidth than cardboard in the 30 GHz band and
D-band, while the delay spread doubled for the metal plate compared to card-
board in the 300 GHz band. For a good reflector (i.e, Copper or Aluminum),
the tolerable reflection (Rx) angle deviation from the incident (Rx) angle that
results in half the maximum coherence bandwidth has been found to be around
±25◦, ±10◦, and ±7.5◦ for 30 GHz, D-band, and 300 GHz RNLoS channels,
respectively. The measured magnitudes of reflection coefficients for the three
materials, Aluminum, Cardboard, and Wood, show generally more consistent
coefficients with respect to the incident angle in the 30 GHz band compared to
the 300 GHz band for all three materials. For metal, the coefficient magnitude
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is higher at 30 GHz, whereas, for the non-conductors, it is slightly lower at
30 GHz than at 300 GHz.
9.2 Future Research Directions
In this thesis, properties of THz band channels have been explored in terms of sta-
tistical parameters, such as path loss exponent, standard deviation of shadowing,
RMS delay spread, and coherence bandwidth. While these parameters offer useful
information about the THz channels from a physical point of view, to enable THz
communications, this research should be followed by channel characterization from a
communications perspective with the actual transmission of binary data through the
channel in LoS and NLoS environments, presenting more tangible information, such
as realizable peak data rate, associated modulation schemes, and BER. Furthermore,
in this thesis, the existence of two surface-diffracted rays in a D-band NLoS channel
obstructed by a ceramic cylinder has been revealed through ray optics. However, in
an indoor environment, one of the objects most frequently obstructing the signal is
the human body, while its interaction with THz waves has not been researched in this
thesis. It has been reported in [120] that human bodies can be modelled as cylinders
filled with salt water for 60 GHz indoor channels. Therefore, to use the findings from
the D-band cylinder-obstructed-LoS scenario, the feasibility of modelling of human
body as a cylinder at THz band should first be investigated. Then, a new indoor
THz propagation model that can precisely predict the channel fading due to signal
obstruction by human bodies can be devised by incorporating their diffraction effect
with THz waves. It has been also shown in the thesis that the physical dimensions
of an LTSA, a classical broadband antenna, can be scaled down to few mm’s and
still maintain its high-gain and wideband properties at THz frequencies. However,
due to limitations in the capabilities of the PCB milling machine, the overall size of
the fabricated LTSA is still far too large for chip integration. Therefore, a future
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research endeavor should be directed towards fabrication of the LTSA in micro- or
nano-scale as well as its integration with an actual processor or a memory module.
The chip-integrated LTSA will also enable much more realistic on-board chip-to-chip
measurements in a functioning computer system that would assure the reliability of
THz communications channels on a computer motherboard.
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APPENDIX A
UTD FORMULATION OF SURFACE-DIFFRACTED AND
REFLECTED FIELD COMPONENTS
In the Shadow Region, there are two surface-diffracted rays, travelling clock-wise and
counter-clock-wise around the cylinder [113] as shown in Fig. 37(a). Hence, the total
E-field at the observation point, S0, is determined by the sum of these two rays. The
E-fields associated with each ray at S0 can be mathematically expressed as
Ed1(S0) = E















where T is the UTD diffraction coefficient; Ei(Q1) and E
i(Q2) are the E-fields incident















In the Lit Region, on the other hand, the total field at the observation point, Sn,
is determined by the contributions from the direct LoS ray and the reflected ray as













where R is the UTD reflection coefficient, and Ei(Qr), the incident field at the reflec-








Calculations of T and R are omitted here, but can be found in [113]. In Eq. (71),











where ρi(Qr) is equivalent to si, and a0(Qr) denotes the radius of curvature at the
reflection point, Qr. All parameters in Eqs. (66)–(73) are shown in Figs. 37(a) and
37(b). It is also observed from Fig. 37(b) that there exists a third ray reaching the
observation point, which is equivalent to surface-diffracted ray 2 from Fig. 37(a). The
total E fields in the Shadow and Lit Regions can finally be expressed as a sum of the












DERIVATIONS OF THE SINGLE-REFLECTED AND
DOUBLE-REFLECTED PATH LENGTHS
In this section, we show the derivations for the expressions in (43) and (44). We start








R cos(π − α
(l,m)
R ) = D, (75)
Hence, the distance ǫ
(l,m)
































Using (76) and (77), ǫ
(l,m)


























Now we show the derivations for (44). From Fig. 62, we can represent the length
of ǫ
(l,m,p,q)




X2 + Y 2.
We can find X projection by solving the following equations:
X = D − (Z +W ) (79)





X +W = ǫ
(p,q)




where Z and W are, respectively, the distances AT −S(p,q) and AR − S(l,m) projected
onto the x-axis. Adding (80) and (81), we get


























































THE SR, DR, AND LOS COMPONENTS OF THE
TIME-INVARIANT TRANSFER FUNCTION
Using (38) - (45), the SR, DR, and LoS components of the time-invariant transfer
function in (47) can be written as























































DR , and τLoS , are defined in [69].
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APPENDIX D
THE APPROXIMATED FCF OF THE SR AND DR
COMPONENTS









under the assumption of Eq. (58). The expression in (89) is obtained using the
trigonometric identity cos(tan−1 x) = 1/
√
1 + x2. Now applying the approximation
(1 + x)n ≈ 1+nx for small x, we obtain the expression for the approximated FCF of
the SR component as in (56).
The expression in (55) can be further simplified by noting that distance in (44)
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